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 In recent years, miniature satellites or micro spacecraft are increasingly 
being launched to perform a wide variety of scientific, security and 
commercial missions in space. A micro spacecraft is defined in the present 
study as a spacecraft with a mass between 1 to 100 kg. In the operation of a 
micr0spacecraft, a micro propulsion system is required for station keeping, 
orbit maintenance and attitude control. Currently, most micro propulsion 
devices are fabricated by using silicon material. A class of material called Low 
Temperature Co-fired Ceramics (LTCC) is an alternative material to silicon 
that can offer merits of simple fabrication process involving multi-layer 
channels, high temperature capability, and ability to embed conductive 
materials in the device. This present work describes the development of a 
vaporizing liquid microthruster (VLM) for the first time using the LTCC 
technology. The VLM consists of an inlet, vaporization chamber, an internal 
resistive heater for vaporizing a liquid propellant, and an in-plane convergent-
divergent nozzle to create the required thrust. Two new operational modes 
(constant power and constant temperature) are proposed in the present study 
for continuous VLM stable mode operation. The operational modes are 
accomplished by designing a new ignition circuit consisting of a power 
supply, a PID temperature controller and a solid state relay integrated into a 
VLM module. The experimental investigation involved the design and 
construction of a rig and thrust measurement system that allowed performance 
of the microthruster under near-vacuum conditions. The experimental rig 
enabled the VLM to reach stable mode of operation in the quickest time from 
the starting point. Performance characterization of the VLM was studied at sea 
 ix 
 
level and vacuum conditions. A new method for micro-thrust measurement of 
water vapor jet was proposed in this study. A maximum thrust of 967 µN was 
measured during VLM operation in near-vacuum conditions. Steady state 
mode was achieved in record time of 6.0 s. This value is the best reported 
response time in the literature. Finally, a new method for pulsed mode VLM 
operation was studied. A micro-solenoid valve controlled by the Labview 
software was able to achieve the short impulse bits from the VLM as if 
produced by a solid propellant microthruster. 
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CHAPTER 1 Introduction 
1.1 Background 
 The Satellite Industry Report indicated that global industry revenues 
for 2012 increased to $189.5 billion, 7% higher than in 2011, despite the 
global economic downturn [1]. Figure 1 shows the global satellite industry 
revenues expressed in U.S. dollars [1]. In turn, these technologies better 
enable and open opportunities in satellite-based services such as in urban 
efficiency optimization, information technology, mobile communications, 
broadcasting, media & entertainment, homeland security, aviation 
navigation/GPS, military operations, remote sensing maritime surveillance, 
mining exploration, weather forecasting, environmental monitoring, and 
maritime and aerospace communications.  
 
Figure 1-1: Global Satellite Industry Revenues [1] 
1.2  Microspacecraft 
 Micro and nanosatellites or microspacecraft are increasingly being 
launched to perform a wide variety of scientific, security and commercial
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missions in space [2]. In this study microspacecraft mean miniaturized 
spacecraft having mass less than 100 kg. Microspacecraft have existed since 
the beginning of spaceflight. The ‘Sputnik’, first spacecraft launched into 
space had a mass of about 85 kg and the other spacecraft called ‘Explorer’ had 
a mass of about 15 kg. The launch vehicles at that time were incapable of 
placing heavier mass spacecraft into the specified orbit. But, as technology 
advanced with capable of building launch vehicle, larger spacecraft became 
possible. However in the past few years, as spacecraft costs continued to 
increase dramatically, and launch costs remained high, the direction has 
shifted towards the miniaturization of spacecraft.  
The miniaturization of spacecraft is mainly due to the cost reduction in 
development and launching the spacecraft. In addition, small spacecraft can be 
used to perform more specific functions. For instance, if the large spacecraft 
failed, all functions were lost. In the case microspacecraft, these different 
functions can be carried out among different spacecraft. This helps in fulfilling 
two requirements: First, it allows in replacement of large complex spacecraft 
with a flexible architecture of simple smaller, less complex spacecraft. 
Secondly, these smaller spacecraft are easier to manufacture with smaller 
development life cycles and large quantities can be produced.  
Microspacecraft launched in Piggyback manner decreases the hurdle to launch 
spacecraft for university and industry. Problem occurred on one spacecraft 
would not affect the other spacecraft and the mission will not fail as in the 
case of large spacecraft. 
The microspacecraft also broaden the range of developers from the 
government and large business industries to the small-medium sized 
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businesses and universities. The development of small spacecraft by university 
based programs is emerging as a valuable and growing sector of the global 
spacecraft community. The cost of building and deploying them in orbit scales 
down with the mass of spacecraft. Figure 1.2 shows the Nano/Microsatellite 
launch demand has grown by an average of 4.38% per year since 2000, with an 
expected 22.5% growth per year over the next 3 years [3]. 
 
 
Figure 1-2: Satellite launch Report [3] 
 
As a final summary, the microspacecraft offer the following merits:  
 Lower cost of manufacture  
 Easiness of mass production  
 Lower overall cost of launch  
 Ability to be launched in groups or "piggyback"  
 Ideal test bed for new technologies   
 Minimal financial loss in case of failure   
 Faster building times 
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1.2.1 Control of Microspacecraft 
 In a microspacecraft, a micropropulsion system is required for high-
accuracy station keeping, attitude control, gravitation compensation and orbit 
adjustment [4]. The microspacecraft control is carried out by using passive 
orbit and attitude control methods. Most microspacecraft do not have the 
capability for orbit correction, transfer and relying on their launch vehicle 
alone to position them in their final orbit. Thus the current demand requires 
more capable and accurate methods for carrying out the functions. The control 
of microspacecraft falls into two categories: orbit and position control 
(maintenance), and attitude control. The orbit maintenance generally falls into 
two categories: initial orbit insertion and correction, station-keeping and orbit 
maintenance. The launch vehicle will place the satellite to their intended orbit 
but there will be small error in insertion. Hence one method for correcting is to 
add propulsion system to the satellite which will allow making small 
corrections in order to place it in correct orbit. In the case of geostationary 
satellites, the launch vehicle will not directly place the microspacecraft in its 
final orbit. First the satellites are placed at geo-stationary transfer orbit and the 
thrusters are fired to transfer it to geostationary orbit. The shape, orientation, 
and location in space of the orbit are carried out by orbit maintenance. On the 
other hand, station-keeping is used to maintain the satellites position either 
relative to another satellite, or to an idealized location within an orbit. For 
instance, the atmospheric drag causes orbit decaying and it would lead to 
satellite reentry. Hence orbit maintenance is required to keep the orbit from 
decaying. And an example for station keeping is to maintain the forty degree 
angular separations between four satellites in an orbital plane. 
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1.2.2 Propulsion requirements 
 Tables 1.1 and 1.2 represent the required thrusts for the attitude control 
and translation motion of microspacecraft. The impulses are calculated with 
the assumption spacecraft having cubical size and the corresponding mass.  
Table 1-1: Representative thrust requirement for attitude control [5]. 
Dead band angle (deg) 
Time interval (s) 
0.1 0.1 180 180 
20 100 60 300 
       Microspacecraft 
Mass (kg) Dimension* (m) Lower impulse (μNs) Higher impulse (mNs) 
1.0 0.10 2.9 0.58 1.8 0.35 
10 0.22 64 13 38 7.7 
50 0.37 540 110 320 65 
          *Assume cubical spacecraft 
Table 1-2: Representative thrust requirement for translation motion [5]. 
Dead band distance (m) 
Time interval (s) 
0.1 0.1 180 180 
20 100 60 300 
       Microspacecraft 
Mass (kg) Dimension* (m) Lower impulse (μNs) Higher impulse (mNs) 
1.0 0.10 5 1.0 17 3.3 
10 0.22 50 10 170 33 
50 0.37 250 50 830 170 
 
As seen from the table lower thrust is required for precise positioning (attitude 
control) and higher thrust is for slew maneuvers (rotating spacecraft 180 
º/min). For instance, the 10 kg spacecraft requires minimum impulse of 64 
µNs for maintaining the attitude of spacecraft within 0.1 deg with thruster 
fired for 20 s and it requires 50 μNs to maintain the separation distance 
between spacecraft with the deviation within 0.1 mm during 20 s. In the case 
of 10 kg spacecraft, the required impulse is 38 mNs to rotate the spacecraft 
(180º in 1 min). Thus the propulsion system for spacecraft is required to 
supply the required thrust and torques to:  
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 Continuous operation mode for microspacecraft orbit control 
(positioning the spacecraft). 
 Pulsed operation mode for microspacecraft attitude control 
(orientation of the spacecraft). 
 Predictable, accurate and repeatable performance (impulse bits) 
 Reliable, leak-free long time operation (storable propellants) 
 Minimum and predictable thrust exhausts impingement effects. 
1.3 Motivation for Liquid Propellant Microthruster 
 Many kinds of micropropulsion systems have been investigated in past 
years such as the cold gas thruster [4], solid propellant microthrusters [6, 7], 
and monopropellant microthrusters [8, 9]. Cold gas thrusters suffer from heavy 
weight, high pressure and leakage concerns. In contrast, solid propellant 
microthrusters are highly energetic but they are 'single fire' shot in nature. 
Furthermore, thrust output cannot be varied in a single solid propellant 
thruster.  In addition, an array of solid propellant thrusters are needed for 
attitude control requirements. On the other hand, monopropellant thrusters 
need catalyst that has to be stored in chamber.  Hence liquid propulsion system 
was chosen to address the issues mentioned above. The merits for choosing 
the Vaporizing Liquid Microthruster (VLM) are listed below: 
1. Simple design: It does not have any moving parts and no complex 
combustion process is involved.  The liquid propellant is vaporized to the gas  
2. Less Leakage Concerns: Thruster works on a simple phase change concept 
of vaporizing the liquid propellant to gas and producing the desired thrust. The 
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propellant is stored compactly in liquid phase. The leakage possibility is low 
when compared to gaseous propellant thruster.  
3. Flexibility of propellant use: Thruster can use any propellant that can be 
vaporized. In lab scale testing, water is being used for safety and ease-of-
handling reasons. Ammonia will be better choice in terms of power 
requirements, due to a heat of vaporization approximately half that of water. 
4. Continuous mode operation: Capable of producing continuously variable 
thrust until the valve is shut off. The thrust output can be varied with the 
consecutive applied power or with the variation of thruster temperature which 
will be explained in chapter 4 and 5.  
5. Pulsed mode operation: Liquid propellant thruster can be switched on/off 
with a sinusoidal signal supplied to the valve. The short impulse produced can 
be varied from the valve timing, propellant flow rate and applied heater power.  
The thruster is coupled with a microsolenoid valve with Pulse Width 
Modulation so that fine attitude control  
6. Restartability: The liquid propellant thruster can be restarted any number of 
times as long as the valve is functioning properly.  
1.4 Objectives and Scope of the Present Study 
 Based on the technical challenges and issues described in the previous 
section, the overall aim of the present study is to develop an in-depth 
understanding of liquid propellant micropropulsion system for attitude and 
orbit control of microspacecraft in space environment condition. Therefore, 
the objectives of the present study are: 
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1) To develop a novel single all-purpose low cost, low volume, less 
safety, non-toxic and green liquid propellant micropropulsion system 
for attitude and orbit control of microspacecraft. 
2) To design and fabricate a novel liquid propellant microthruster using 
low temperature co-fired ceramic material, instead of conventional 
silicon MEMS technology. Develop a thruster capable of producing a 
maximum thrust of 1000 µN in space environment.  
3) Develop a novel thruster that has to perform both that is, main 
propulsion system for microspacecraft and auxiliary propulsion system 
for attitude and orbit control. 
4) Develop a novel ignition circuit which aids in quicker thruster 
preheating and further enables to reach its stable mode operation faster 
from the start up. 
5) Build up a simple and effective microthrust measurement system for 
the steam jet produced by liquid propellant microthruster. 
6) Build up a cylindrical vacuum chamber to simulate the low pressure 
condition to test the performance of liquid micropropulsion system at 
vacuum environment. Develop a Labview program code for complete 
integration and actuation of liquid propulsion system in vacuum space 
conditions. Investigate the performance of thruster in continuous and 
pulse mode operation in real space conditions.  
1.5 Contributions of the Research 




 New operational modes (Constant Power and Temperature) have 
been proposed with preheating method by employing a new 
ignition circuitry for real time practical application. 
 A liquid propellant thruster operational system has been studied 
and real time curves are reported for first time in vacuum 
conditions. 
 A transient study on startup and shut down has been made first 
time since it replicates the real time practical application for 
microspacecraft attitude/orbit control. 
 A first time report on continuous run mode liquid propellant 
thruster using water as liquid propellant in the operating 
temperature range of 120 °C to 220 °C.  
 A first time report of reaching stable mode operation at a record 
time of 6.0 s and a thrust of 1000 µN and specific impulse of 50 s 
is reported. 
 A first time report on pulsed mode operation of liquid propellant 
thruster with a minimum firing time of 100 ms.  
1.6 Organization of the Thesis  
 This chapter gives an overview of micropropulsion system research 
and motivation for the liquid propellant microthruster, followed by the 
objectives and scope of this thesis.  
Chapter 2 presents a comprehensive review of the literature dealing 
with key issues and findings related to liquid micropropulsion system.  
Chapter 3 details the design and fabrication of the liquid propellant 
microthruster with an embedded internal resistive heater. A new design 
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concept of liquid propellant microthruster using LTCC (Low Temperature Co-
fired Ceramic) technology is proposed for micropropulsion applications. The 
fabrication of ceramic thruster with internal heater is amply detailed in this 
chapter.  
Chapter 4 focuses on the experimental rig construction and 
performance characterization testing of ceramic thruster at sea level 
conditions.  A new ignition circuit which is implemented for enabling the 
thruster to reach stable mode is detailed in this chapter. Furthermore a simple, 
effective thrust measurement system for steam jet is described in this chapter.  
Chapter 5 details the specially designed vacuum chamber to simulate 
the real space environment for the performance testing of ceramic thruster. 
The construction of experimental rig and testing method is detailed. This 
chapter gives full insight into the liquid micropropulsion system testing and its 
operation at vacuum environment. Labview code developed for 
synchronization of propulsion system is discussed in this chapter.  
Chapter 6 reports the preliminary experimental study of liquid 
propellant thruster at pulsed mode operation. 
  Chapter 7 summarizes the major conclusions of this thesis along with 




CHAPTER 2 Literature Review 
The Vaporizing Liquid Microthruster (VLM) concept was developed at Jet 
Propulsion Laboratory, NASA [10] and it has high potential applications in 
microspacecraft as attitude/orbit control thruster. The VLM is an 
electrothermal thruster, in which the incoming liquid propellant is heated in a 
vaporization chamber to a high temperature gas and it is expelled through the 
convergent-divergent nozzle to produce the desired microthrust. The following 
sections will briefly describe the experimental and numerical studies carried 
out on VLM. Finally, the key issues and findings from the literature survey are 
detailed, followed by the chapter summary. 
2.1 Experimental Studies 
2.1.1 Sea Level Testing 
The vaporizing liquid propellant microthruster concept was developed 
at Jet Propulsion Laboratory by Juergen Mueller et al. [10]. Silicon material 
was chosen to fabricate the VLM using MEMS techniques. The design and 
fabrication of vaporizing liquid microthruster was detailed [10]. The thruster 
consists of inlet, vaporization chamber and exit nozzle. The vaporization 
chamber was formed using Pyrex and it is sandwiched between the two 
identical silicon wafers.  Water was chosen as the liquid propellant and it is 
delivered into the thruster assembly by pressure fed mechanism. The top and 
bottom surface of the silicon wafer are deposited with thin film heaters by 
using polysilicon or metal (Au, Al). The liquid propellant enters the thruster at 
the inlet and flows through the chamber that has been machined into the
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 Pyrex. Great attention was focused on the proper design of the thruster with 
respect to thermal management and heat loss control. In addition, the authors 
focused on thermal design aspects to limit the power requirements to values 
less than 5 W, requiring specially contoured substrate shapes and packaging of 
the thruster chip. Since the thruster concept consists of a bonded structure and 
will be pressurized internally, bond strength tests were performed. Anodic 
bonds were found to be more than sufficient to maintain the current design to 
the internal pressures of 340 kPa. Thermal and structural finite element 
calculations were performed to better understand the heat loss mechanisms 
and associated structural considerations involved in the thruster design. 
Juergen Mueller et al. [11] continued to demonstrate the proof of 
concept and preliminary thermal characterization of the VLM.  The same 
thruster described in [10] was employed but the Pyrex spacer was replaced 
with the silicon spacer. The thruster inlet and exit nozzle are square shaped. 
The vaporization chamber has a width of 0.7 mm and depth of 0.6 mm. The 
nozzle throat have dimension of 50 μm × 50 μm and the Pyrex spacer was 
replaced with the silicon spacer. Thermal characterization of the thruster 
revealed that approximately 3.5 W of heater power was required to achieve 
thruster temperature of 100 º C, 5.5 W to achieve 150 ºC and about 7 W to 
achieve 200 ºC. The vaporization of propellant was achieved at about 7.0 W at 
a propellant pressure of 0.25 psig.  The propellant mass flow rate and thrust 
measurement was not reported in their work.  
E.V. Mukerjee et al. [12] improved the design and demonstrated an 
efficient MEMS fabrication process of VLM. Two types of nozzle designs 
were proposed. A side exit nozzle and an asymmetrical design. The side exit 
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nozzle was the major benefit of this design. The device tested was an 
asymmetrical design fabricated with a glass cover on one side to visualize the 
flow. The liquid propellant was preheated to a temperature of 82.5 ºC. 
Vaporization chamber having length of (3 and 5 mm) were fabricated. The 
nozzle dimensions were not reported. The heater (external) was placed on the 
surface of the thruster since silicon is an excellent thermal conductor. The 
resistance of the external heater used was approximately 200 W. The authors 
reported minimum average thrust of 0.31 mN with a flow rate of 4 mg/s at a 
power of 7.8 W. This increased to 0.46 mN at 10.8 W for a propellant flow 
rate of 9 mg/s. Furthermore, they reported that the measurement of 
vaporization point relative to channel length as a function of propellant flow 
rate. At a fixed power (5 W), this dry out point appears to vary smoothly with 
flow rate over the approximate 5 mm length of the channel as the flow rate is 
varied from 1-10 mg/s. 
Ye et al. [13] have investigated silicon MEMS VLM with an internal 
Ti-film resistor. A first time report on pulsed mode operation of VLM was 
detailed in their study. An electric pulse was applied to the micro heater to 
vaporize the liquid propellant. The authors indicated that water droplets were 
ejected during pulsed mode operation of the thruster. Furthermore, the very 
low specific impulse shows that pulsed mode operation is not attractive for 
application unless full vaporization of liquid propellant can be achieved. In 
addition, the internal heater is exposed to the liquid propellant, which in turn 
decreases the life of VLM.  
D K Maurya et al. [14] reported an internal type heater vaporizing 
liquid microthruster using MEMS techniques and measured thrust using water 
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as a propellant. They used an internal heater type of VLM on the bottom 
substrate (n-type silicon) by diffusing boron. The p-diffused resistive heater 
(600 W) is passivated by thermally grown silicon dioxide. The bottom 
substrate being slightly longer than the top substrate, the metal bond pads of 
the resistor are located outside the active region of VLM. Hence the wire-
bonded contact regions are not exposed to the liquid propellant. In one set of 
tests, with a flow rate of (0.7 μl/s) the thrust varied from 25 –120 μN over a 
heater power range of 1.1-2.0 W. In these tests, water was supplied at room 
temperature 25 ºC.  
J. Blandino et al. [15] studied the flow transition within the channel of 
the VLM. A vaporizing liquid microthruster, specially fabricated with optical 
access on top layer, was used to study the two-phase flow behavior in the 
microchannel with the integral heater. The dryout point is where almost all of 
the liquid propellant has been vaporized and characterized by a reduction in 
the heat transfer coefficient, rise in wall temperature and a slower rise in vapor 
temperature. Hence, experimental tests were conducted at sea level to measure 
the dryout point along the heated channel as function of inlet flow rate and 
heater power. They observed for a given propellant flow rate there was initial 
nucleation of bubbles in the channel as heater power is increased. They 
reported that once complete vaporization was achieved, VLM operates in 
stable, pulsed mode with a phase front which moves towards inlet then back to 
exit.  They demand that further study is needed to determine whether if VLM 
is operated at higher inlet pressure can suppress the premature vaporization 
which results in stable mode operation. 
 15 
 
Chen et al. [16] studied the flow characteristics of a Silicon VLM in 
atmospheric conditions.  Flow visualization was done to observe the four 
distinct flow patterns including snake flow, vapor droplet flow, vapor droplet 
jet flow, and vapor flow. A hot plate was used to supply heat to the VLM 
thruster. In addition, the hot plate temperature was assumed to be the VLM 
temperature.  The key factor to prevent the failure of micro-thruster chip from 
generating snake flow was to preheat the microthruster at 300 ºC for 2h before 
pumping the liquid propellant. The study have not reported pressure and thrust 
measurements for VLM thruster. Simulation results were obtained for thrust, 
pressure and temperature and detailed discussion was made.  
Pijus Kundu et al. [17] reported that Silicon VLM thruster performance 
was increased due to incorporation of two microheaters for quicker and 
uniform heating of the liquid propellant. They investigated and found that 
nozzle area ratio nozzle area ratio varying from 5 to 9 yields maximum 
performance with adiabatic expansion of superheated steam without ice 
formation at the nozzle exit location. The authors used a high sensitivity 
laboratory balance (DV215CD, OHAUS Discovery Semi-micro Dual Range 
Balance) for the thrust measurement in their study. They measured thrust force 
in the range of 150–1014 µN at a heater power of 1.6–3.6 W for mass flow 
rate of 0.2–2 mg/s at sea level conditions.  They have not discussed the 
thermal effect of hot dynamic steam jet on thrust measurement while using 
mass balance. The thermal effect on mass balance induces more uncertainty 
during thrust measurement. The CFD simulation of VLM was carried out and 
compared with the experimental thrust and found satisfactory. There was 
concern about the simulation result since the authors reported that experiment 
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was conducted at sea level and nozzle was performing in supersonic condition. 
The simulation results shows that the nozzle exit pressure was 20 Pa (roughly 
the exit pressure is vacuum environment pressure). Hence there should be flow 
separation at the nozzle exit since the experimental testing was done at sea 
level.  The comparison of numerical simulation with experimental result 
seems to be not a realistic one due to the reasons explained above. 
Furthermore, there is no real time curve for thrust/ temperature from the start 
up and no report on time taken by the thruster to reach stable mode during 
operation.  
2.1.2 Vacuum Environment Testing 
Juergen Mueller et al. [18] studied the performance of Silicon MEMS 
VLM for the first time in vacuum environment condition. The same VLM 
thruster was used as described in [11]. De ionized water was used as liquid 
propellant for VLM. Pressurized feed system was utilized for delivery of 
liquid propellant to the thruster. The thrust measurement was carried out by 
using a Jet Propulsion Lab (JPL) thrust stand having a resolution of 0.1 µN. 
Three test runs were reported in their study. In the two test runs, the 
performance of the thruster was characterized by thrust oscillations. This 
unsteady behavior could have been caused by vaporization of the liquid 
propellant inside the microsolenoid valve before the flow reaches the thruster.   
Obviously, this is not a desirable operating mode for the VLM. Furthermore 
the authors found that the vapor pressure measured at valve temperature 
exceeded the inlet pressure, thereby enabling prevaporization of propellant 
within the valve.  In the third test the flow rate was increased to eliminate the 
vaporization and they identify a sweet spot mode but it sustains this stable 
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mode operation for a period of time with the thruster temperature drop to the 
point and this led to expulsion of liquid water from the nozzle exit which 
freezed upon exposing to vacuum. The stable mode was reached 
approximately 480 s from the thruster start up. The valve was closed to avoid 
excessive ice buildup which could damage the thruster.  
The other work on performance testing of Silicon MEMS VLM in 
vacuum condition was investigated out by Cen et al. [19].  In their study, the 
VLM thruster was attached to the copper block, which has an electrical heater 
placed inside for heating the liquid propellant. The copper block temperature 
was considered as VLM temperature during thruster operation. The authors 
observed that the thruster took longer time to reach steady state mode at 
constant power mode operation. Hence, the thrust measurement was done by 
keeping thruster at constant temperature mode with PID temperature 
controller. Thrusts in the order of 1.0 mN to 6.0 mN were measured and they 
also evaluated the two-phase flow patterns which influenced the specific 
impulse of the VLM. 
2.2 Numerical Investigation 
 D K Maurya et al. [20] developed a simple analytical model for 
performance prediction of VLM. The model proposed is based on one 
dimensional approximation for heat flow and fluid dynamics equations. The 
model is used to estimate chamber temperature in terms of heater power from 
the measured thrust value. The VLM chamber temperature and pressure are 
inter-related thermodynamically using steam tables, since water is used as 
liquid propellant. An iterative back to front approach was employed to 
calculate the effective exit area from the measured thrust value of VLM. 
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Hence, the values of the chamber temperature and pressure and the effective 
exit area were obtained for each value of thrust measured as a function of the 
heater power. The results have been discussed and interpreted physically. 
2.3 Key Issues and Findings 
 Table 2.1 and 2.2 summarize the complete work that was done on 
vaporizing liquid microthruster at sea level and vacuum space condition.  
From the Table 2.1 and  2.2, it is clearly seen that in most previous 
experimental studies, the performance characterization test for VLM was 
executed out at sea level condition.  In real-time practical application, the 
thruster has to operate in vacuum space environment for attitude/orbit control 
of microsatellites. Moreover, the studies performed at sea level reported the 
average thrust produced by VLM with the applied power. Furthermore, there 
was no investigations on real time performance (thrust, temperature and 
pressure) curves with thruster run time and stable mode operation  in the 
studies conducted before on VLM at sea level tests[12,13,14,16 and 17]. 
Only, two experimental studies were conducted on the performance 
testing of VLM at vacuum space environment. Muller et al. [18] studied the 
operation of VLM and reported that the thruster took a time of 480 s from start 
up to reach stable mode operation. Cen et al [19] detailed that a longer run 
time is needed for thruster to reach stable mode during thruster operating at 
constant power mode. Stable mode operation of thruster is necessary for 
spacecraft propulsion. And in the case of liquid propellant fed thruster, the 
time required to reach stable mode is a key factor, which determines the orbit 
control requirement for microspacecraft. 
 19 
 
The following inferences can be made from the table 2.2: (a) Muller et 
al [18] and Cen et al. [19] reported the inlet pressure produced during VLM 
operation. Measurement of inlet pressure is crucial during thruster operation, 
since the power required for pump operation has to be known to fully design 
the liquid propulsion system when incorporated in the microsatellite. (b) the 
temperature of the steam jet has an effect on performance on thruster in 
vacuum space operation. (c) the power required for the operation of liquid 
micropropulsion system (d) a real time system data is required for 
performance analysis of the system (e) reaching stable mode from the thruster 
start up and maintaining it continuously is another important parameter that 
has to be analyzed (g) Pulsed mode operation is required for short impulse bits 
which was never tried before. 
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Table 2-2:  Experimental Studies on VLM at Vacuum Environment 
Parameters/Author(s) Muller et al. (NASA) [18] Cen C C et al. [19] 
Thruster Material Silicon Silicon 
Nozzle type In-plane C-D In-plane C-D 
Propellant flow rate 
(mg/s) 
0.1- 0.3 2.3-8.3 
Propellant feed 
mechanism 
Pressure-feed Syringe Pump 
Operating 
temperature range 
 (° C) 
60 180-300 
Pressure range (bar) 1.2 1-2.6 
Heater power (W) 1.2-1.5 Nil 
Thrust range (µN) 250 2300- 6300 
Specific impulse (s) 50 - 100 50 - 100 
Mode of operation CP CT 
Stable mode attained 
(s) 
480 (lasted for few 
seconds) 











2.4 Chapter Summary 
 This chapter gives the complete overview of experimental and 
numerical study conducted on vaporizing liquid microthruster in sea level and 
vacuum space environment conditions. The key problems and issues are found 
from the survey of available literature as described above and will be 





CHAPTER 3 Design and Fabrication of 
Liquid Propellant Thruster 
3.1 Introduction 
 Silicon material is widely used in microelectronics and MEMS 
devices. Despite their wide use, the planar geometry manufacturing is still 
limited in silicon processing and requires complicated bonding schemes for 
fabrication of 3D structures. In addition to that, silicon MEMS devices are 
limited by standard integrated circuit processing techniques. Furthermore it 
requires higher processing time, delicate and highly expensive. Hence, an 
alternative material is desirable with good thermal, electrical and mechanical 
properties, easy to fabricate and inexpensive to process. Low Temperature Co-
Fired Ceramic (LTCC) materials can be an alternative to silicon in 
microsystems applications. The Hughes and DuPont developed the LTCC 
(Low Temperature Co-fired ceramic) technology for military systems in the 
early 80s [21]. In the late 80s, the commercialization of the technology was 
made, that further widened the application in the avionics, computer 
applications and automotive industries [21]. 
LTCC technology has the advantages of both High Temperature Co-
fired Ceramic (HTCC) and thick film technologies as shown in figure 3.1. 
HTCC is an aluminum oxide ceramic substrate. The firing temperature for 
HTCC substrate is around 1650 º C which allows cofiring of conductors like 
tungsten and molybdenum. LTCC tapes are glass-ceramic composite materials
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 and the firing temperature is below 900 ºC. Thus it has an advantage being 
able to use low resistivity conductors like silver, gold and copper, since the 
melting point of Au and Ag are close to 900 ºC. 
 
Figure 3-1: Comparison of ceramic technologies [21] 
The LTCC technology can use multiple layers of green tapes for fabrication of 
3D structures. One of the main advantages is, the required structures are 
patterned in each layer in the green tape (before firing). Each of the layers may 
have cavities, vias, channels, and internal electrical elements such as resistors, 
capacitors, inductance and interconnections. The main reasons for using 
LTCC technology for development of microsystems are listed below: 
 Fabrication techniques are relatively simple, easier and inexpensive 
 Simplicity of machining the tape in green state 
 Mass production cost is cheaper 
 Possibility of auto-packaged devices fabrication 
 Possibility of making three dimensional (3D) microstructures 
 Layer count can be high 




 Thermo-physical properties can be modified, e.g. thermal conductivity 
of single layers 
 The tape and substrate can be diced to different shapes 
 High reliability and stability 
 Low temperature coefficient of expansion (TCE) 
 R, L, C elements can be integrated between layers 
 Good electrical conductivity of metal paste buried in LTCC 
The manufacturing of a device in LTCC starts with the slitting of the green 
tape. LTCC tapes are called as green ceramic tapes because they are kept in 
the green stage, which is before firing and sintering. The manufacturer 
supplies the green tapes in rolls. The desired amount of green tape is cut to 
meet the required dimensions. This is followed by curing which is done by 
preconditioning the tapes at elevated temperatures (120°C) for a certain time 
interval. The time and temperature required for curing depends upon the tape 
manufacturer. 
 The next step is formation of vias and geometries, such as rectangles/holes in 
the required layers, either by using punching machine or a laser. Then the vias 
are filled with conductor pastes. This is done by either using a conventional 
thick film screen printer or an extrusion via filler. In the first process, the tape 
is positioned on a stainless steel stencil resting on a porous plate, a vacuum 
pump holds the tape onto its place and it is employed as an aid for via filling. 
The second case uses a special extrusion via filler that works with under 
pressure in the range of 4 to 4.5 bar. However, both processes described above 
requires mask. Conductor and resistor pastes are printed on the green sheet 
using a conventional thick film screen printer. This is followed by stacking the 
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LTCC tapes in the required order onto an alignment fixture by a pin system to 
form multilayer as shown in figure 3.2. The stacked tapes are then laminated 
under pressure and heat. Lamination is done by usually either by uniaxial or 
isostatic method. In uniaxial lamination, the stacked green tapes are pressed 
only in the z-direction (the direction perpendicular to the plane of the stacked 
tapes) and heated. In contrast, for isostatic lamination, the stacked green 
ceramic tapes are packed in a plastic bag and pressed uniformly in a heated 
fluidic medium to distribute the force of lamination. Isostatic lamination is 
preferred, since the former method leads to deformation of cavities due to the 
fact that a high pressure exerts on the edges during lamination process. An 
another method of lower lamination pressure technique employs double sided 
adhesive tape to bond the LTCC tapes at room temperature and under a 
pressure of 2.5-5 MPa [22, 23]. This helps to minimize unwanted deformation 
of suspended green LTCC structures. This is followed by sintering of the 
substrate with a specific firing profile, depending on the type of the green tape. 
Finally, the fired LTCC substrate can be diced for required shapes or post 
firing can be done for further printing of conductors or resistors. The overall 
procedure is summarized in figure 3.3. LTCC technology has been utilized for 
versatile applications such as in sensors, microfluidics, biomedical 




Figure 3-2: Ceramic tapes stacked using alignment fixture (image from [21]) 
 LTCC technology has been utilized for versatile applications such as in 
sensors, microfluidics, biomedical applications including drug delivery, gas or 
liquid chromatographs, etc.  [21-32]. The technology has also been used in 
aerospace field to fabricate thrusters for microsatellite attitude control. LTCC 
technology was used for first time to fabricate solid propellant thrusters [33] 
and monopropellant thrusters [34]. For the first time this technology is used 
for development of vaporizing liquid propellant thrusters. This chapter 
describes the development of LTCC based VLM system. 
 




3.2 Design of LTCC Vaporizing Liquid Microthruster 
 An isometric view of thruster is shown in figure 3.4. It consists of 11 
layers of LTCC tapes with various mechanical and electrical components 
sintered to form the VLM device. Dupont 951 AT green tape is selected as the 
substrate material. The design of each layer is determined by the structure of 
the VLM. The inlet is formed on the top four layers (layers l-4). The cavity 
(vaporization chamber with nozzle) is formed by the next layers 5-7. The 
following two blank layers (layers 8-9) are used to isolate the vaporization 
chamber and nozzle from the resistive heater. The next layer (layer 10) is 
integrated with the printed conductor along with its catch pads for 
interconnection. A cavity is formed on the last layer (layer 11) to expose the 
catch pads for interconnection of the conductor to the DC power supply. Table 
3.1 shows the total number of green tapes required for fabrication of VLM 
thrusters. 
 
Figure 3-4: Isometric view of 220 µm× 300 µm VLM thruster. 
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Table 3-1: Green tapes used for two VLM thrusters. 
VLM Thruster 220 µm× 200 µm 220 µm× 300 µm 




Inlet 1-4 1-4 
Vaporization chamber and 
nozzle 
5-6 5-7 
Insulation 7-8 8-9 
Heater 9 10 
Bottom cover 10 11 
 
The thickness of the each individual tape used is 4.5 mils (114 μm). Therefore 
2 and 3 tapes are required for thruster having 200 mm depth and 300 mm 
depth respectively. The liquid propellant enters the VLM via a flexible tube 
attached to the circular inlet and passes into the vaporization chamber. The 
liquid propellant undergoes vaporization by absorption of heat provided by the 
embedded heater located at the bottom surface of VLM. The vapor is expelled 
through in-plane C-D nozzle for producing the desired thrust force.  
Two different designs of VLM are made and their performance is 
evaluated. The overall size of VLM is 3 cm × 3 cm. The design parameters of 
VLM are shown in table 3.2. A circular design is opted for the VLM inlet. The 
inlet diameter is 500 µm to match the feed line internal diameter. The circular 
inlet design makes easier connection for the tube supplying liquid propellant 
from the storage tank. The VLM inlet is integrated with the vaporization 
chamber at an offset of 500 µm from the start point of the chamber. The 









 for 220 µm× 200 mm thruster and 220 µm × 
300 µm thruster respectively. The vaporization chamber and the C-D nozzle 
are designed to be in-plane configuration. The in-plane design makes easier to 
fabricate than the out plane configuration. One of the main considerations in 
 30 
 
VLM is that the chamber volume has to be designed in optimum for complete 
vaporization of liquid propellant, as it is passed continuously and to reduce the 
‘dribble volume effect’ after thruster shut down (valve shut off).  The ‘dribble 
volume effect’ will be discussed in chapter 6. The vaporization chamber is 
heated by a single heater integrated at the bottom layer of thruster and 
separated from the chamber by 2 layers of LTCC tapes. 
Table 3-2: Geometrical dimensions of various components of VLM. 
Components 
Dimensions(µm)  
Length  Width  Height Diameter 
Inlet     400 500 
Vaporization 
chamber and nozzle 





600 × 200/300  
Nozzle throat area   220 × 200/300 Ac / At =2.7 
















 The single side heater makes fabrication simple. The separation of 
chamber from heater ensures longer heater life and hence longer working time 
of VLM. The heater area opted for the VLM is: 20 mm (l) × 20 mm (w) × 10 
mm (h). The resistive heater area is larger due to the fabrication limitation in 
the laboratory to achieve higher power output, due to single heater used for 
vaporizing the incoming liquid propellant from the storage tank. Since the 
vaporization chamber and nozzle have the same height, the ratio of chamber 
cross-sectional area to throat cross-sectional area (Ac / At) equals to the ratio 
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of chamber width to throat width (Wc /Wt) and the ratio of exit cross-sectional 
area to throat cross-sectional area (Ae / At) equals to the ratio of exit width to 
throat width (We/ Wt). The exit to throat area ratio (Ae/At) of the nozzle will 
play an important role in the design of in-plane nozzle. Water is chosen as the 
liquid propellant in the present study. The water vapor at 100 °C is denoted as 
’saturated steam’ or ’wet steam’. The wet steam does not expand as rapidly as 
superheated ’dry steam’ and thereby the performance reduces. Furthermore, 
saturated steam condenses far more easily then the superheated steam thus 
creating the problem of ice formation at the nozzle exit. This is due to the 
rapid adiabatic expansion in the diverging section of the nozzle and as such 
the steam underwent supercooling, causing the vapor to condense and produce 
ice [18, 35]. 
Supercooling can be prevented by either increasing the temperature of 
steam or by reducing the expansion ratio. Since the power is limited in a 
micropropulsion system, increasing the temperature of the steam is not viable. 
In one of the studies reported[ 35], the expansion ratio was reduced to 1.0 and 
this means the nozzle does not diverge, and remains at the throat diameter 
producing a sonic or “choked” flow (Mach number=1). The performance of 
the thruster is reduced with reduction in expansion ratio of nozzle. Therefore 
in the current study we opted an expansion ratio of 1.5 for both VLM designs. 
The performance of the VLM in vacuum conditions is detailed in Chapter 5. 
 
3.3 Fabrication of LTCC Vaporizing Liquid Microthruster 
 The fabrication of VLM using LTCC technology is relatively simple, 
inexpensive and environmentally friendly as compared to that of the silicon 
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technology [31]. Commercial LTCC tapes (Dupont 951 AT green tapes) are 
employed to fabricate the VLM. The thickness of the each individual tape 
used is 4.5 mils (114 μm). To pattern the structures on the green tapes, the roll 
packed green LTCC material is slit into 6” × 6” tapes. The green tapes are then 
preconditioned for 30 min at 120 ºC in a box furnace. Eleven layers of tape are 
required for fabrication of 220 µm × 300 µm VLM thruster.  Figure 3.6 shows 
the fabrication flow process for 220 µm×300 µm VLM thruster. The steps 
involved in the fabrication are: (a) drawing the VLM design, (b) punching, (c) 
lamination, (d) co-firing and (e) dicing to realize the required dimensions of 
the microthruster. 
3.3.1 Drawing 
 The complete design of VLM is made in CAD professional drawing 
software. Dupont 951 AT green tape material encounters shrinkage of 13 % in 
x and y directions during the process of sintering in the final stage of thruster 
fabrication. Hence the dimensions are scaled up, so that the thruster will have 
exact dimension after firing. After the scaled up design is made, application 
data converter is used to convert the drawing format (.dxf) to punch format. 
The punch file is fed into the punching machine controller which specifies the 
co-ordinates to be punched in LTCC green tape to form the designed patterns 
on the tapes. 
3.3.2 Punching and Screen Printing 
 The green tape is mounted onto the punching tooling plate and is held 
tightly by vacuum as the punching machine punched the co-ordinates specified 
by the punch file. The top four layers (layers l-4) are individually punched for 
a cavity of diameter 0.5 mm (inlet). A square punch of 0.5 mm is used to 
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create the cavity (inlet). The next layers (layers 5-7) are punched for the cavity 
(vaporization chamber and nozzle). Figure 3.5 shows the overlapping 
punching technique [36] used for the formation of vaporization chamber and 
convergent-divergent nozzle. The vaporization chamber is a 3D microchannel 
and its design parameters are described in table 3.2. 
 
Figure 3-5: Punch sizes used for fabrication of vaporization chamber and 
convergent-divergent nozzle of VLM. 
It is formed by using a square punch of 500 μm with a stepping size 400 μm 
respectively. The step size of 400 μm ensures the smoothness of the side walls 
of the vaporization chamber as shown in figure 3.5. Similarly for convergent-
divergent nozzle, a circular punch of 250 μm is used with a stepping size of 30 
μm. The increase in step size is to make sure for achieving the smoothness of 
side walls for convergent-divergent nozzle. For throat section, circular punch 
of 250 μm is used with a stepping size of 30 μm respectively. The layers 8-9 
are used to isolate the vaporization chamber and nozzle from the resistive 
heater. This ensures longer run time of thruster, since heater is not exposed to 
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liquid propellant. The layer 10 is screen-printed with Dupont 6116 Ag/Pt 
(Ni/Au plateable) paste for the resistor and the contact pads.  
 
Figure 3-6: Fabrication flow process for 220 µm × 300 µm VLM thruster. 
CAD professional is also used in the design of resistor printing and the files 
are converted into a Gerber format using application data converter. The 
Gerber files are used to generate the photo plot, which is then transferred onto 
a stencil used to print on the green tape. The last layer 11 is punched for the 
cavity of diameter 5 mm to expose the catch pads for interconnection. Circular 
punch of 5 mm diameter is used to form catch pads. Registration and 
alignment holes are also punched on every layer for alignment purpose. For 
registration holes, a 5 mm diameter circular punch is used. 
3.3.3 Lamination 
 After punching and screen printing, the tapes are aligned and stacked 
using an alignment fixture before the lamination process. In the multi-layered 
 35 
 
ceramic green tapes with embedded structures, there may be deformation of 
the structures due to high pressure applied in the lamination process. 
Moreover, the embedded structures with suspended portions cannot be 
fabricated in a single step lamination, since the pressure applied may not be 
uniform during the lamination process [37]. Hence, a multi-step lamination 
approach is utilized for lamination of patterned ceramic green tapes of VLM 
[37]. The isostatic lamination and low pressure lamination techniques are used 
for fabrication of VLM. We use thermo-compression method initially to pre-
laminate the green tapes in two parts as top cover and bottom substrate.  
 
Figure 3-7: Low pressure lamination process for 220 µm × 300 µm VLM 
fabrication. 
The stacked green tapes in the laminating fixture plate is sealed in a vacuum 
bag and placed in an isostatic laminator system at 20.6 MPa and 70 °C for 15 
min. The ceramic tapes are pressed uniformly in a heated fluidic medium with 
significant shrinkage occurring in all three directions. The top four layers 
consisting inlet of VLM (layers l-4) are pre-laminated to form the top cover. 
While, vaporization chamber (layers 5-7) and substrate printed with resistor 
(layers 8-11) are pre-laminated to form the substrate with channels and 
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resistors. The thermo-compression squeezes the particles in the LTCC tapes 
into the neighboring layers so that the layered stack merges into one single 
part. Subsequently, the pre-laminated blocks (top cover and the substrate) are 
laminated by employing the low pressure lamination technique [22, 23]. The 
lamination process is shown in figure 3.7. In the first step, the gluing material 
is applied to the two pre-laminated blocks of VLM. A double-sided adhesive 
tape, consisting of an acrylate adhesive and a poly-ethylene terephthalate 
(PET) film are rolled onto the blocks, and then the release liner is removed. In 
the second step, the blocks are laminated with a applied pressure of 2.5 MPa at 
the room temperature. During low pressure lamination of the two blocks, the 
tapes are manually pressed using a roller to avoid deformation of the green 
material. 
3.3.4  Co-Firing 
 The laminated VLM green tapes are placed into the programmable 
oven for co-firing. The firing process is shown in figure 3.8. The firing process 
consists of two steps; (1) the furnace temperature is slowly ramped to 400 ºC 
at a rate of 0.5 ºC/min from room temperature and held for an hour, (2) 
ramped up again to 850 °C at a rate of 5 ºC/min. The temperature in the 
furnace is maintained at 850 ºC for 30 min and then naturally cooled to room 
temperature. The first temperature is for burn out of the organic binder of the 
LTCC material and the adhesive tapes melt and diffuse into the pores of the 
LTCC material. The capillary forces exerted by the molten polymeric material 
tend to pull the LTCC tapes together. This ensures that the organic binders are 
completely removed from the LTCC materials. After the firing, the substrate is 
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diced to the required dimensions by using a dicing saw. The co-fired substrate 
is then diced into the required dimensions.  
 
Figure 3-8: Firing profile of Dupont 951 green-tape. 
 
Figure 3-9: (a) Internal resistive heater, (b) VLM with catch pad for electrical 
power connection to heater. 
Figure 3.9(a) shows the fabricated heater with wire soldered to the resistor. 
Figure 3.9(b) shows the catch pads of the VLM. Catch pads connects the 
electrical supply to the thruster. Figure 3.10 (a) shows the SEM picture of the 





Figure 3-10: SEM picture showing: (a) in-plane nozzle with vaporization 
chamber formed by overlapping punching technique, (b) Nozzle exit. 
3.4 Chapter Summary 
 This chapter describes the design and fabrication of the three-
dimensional vaporizing liquid microthruster. LTCC technology is successfully 
utilized for first time to design and fabricate a workable vaporizing liquid 
microthruster. The special feature in the design is having in-plane nozzle 
configuration and insulation of embedded heater from the vaporization 
chamber. This method improves the working life of VLM. Fabrication process 
is much simpler and inexpensive than the silicon based vaporizing liquid 
microthruster. An overlapping punching technique is used for smoother 
formation of walls in vaporization chamber and nozzle. A multistep 
lamination technique is used to prevent the deformation of structures during 
lamination process. The performance characterization of fabricated VLM at 














"It is not a simple matter to differentiate unsuccessful from successful 
experiments. . . .[Most] work that is finally successful is the result of a series 
of unsuccessful tests in which difficulties are gradually 
eliminated”……………………………………………..Robert H. Goddard 
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CHAPTER 4 Experimental Testing 
at Sea Level Condition 
4.1 Introduction 
 This chapter briefly describes the design and experimental rig 
construction of liquid micropropulsion system for performance testing at sea 
level condition. Two types of operational modes (constant power and constant 
temperature) for the liquid propellant thruster are described briefly. A new 
ignition control system is designed to accomplish the operational modes which 
will be detailed in this chapter. The ignition circuit is utilized to make the 
thruster to reach stable mode operation at a faster time from the start up. In 
addition, a new and simple microthrust measurement methodology for hot 
steam jet is described. Furthermore, the performance characterization testing is 
carried out for the two thrusters (220 µm × 200 µm and 220 µm ×300 µm) 
using liquid water as propellant. Finally the two thruster’s performance are 
compared and discussed in detail.  
4.2 Experimental Setup Description 
 The major components of the liquid micropropulsion system are 
described below [38]. 
1. liquid propellant 




3. propellant storage tank 
4. a power source to supply the energy for the feed mechanism 
5. propellant feed line to transfer the liquid propellant 
6. thrust chamber (vaporization chamber and a nozzle),here its VLM 
device 
7. control device to initiate and regulate the propellant flow (valve). 
4.2.1 Liquid Propellant 
 The choice of propellant was a great concern since the testing has to be 
performed at laboratory. From the table 14 [10], with the listed propellants , 
ammonia and water were preferred due to their low molecular weight, which 
results in high specific impulse [38]. But in these two propellants, ammonia 
requires less heat to vaporize than compared to water due to half heat of 
vaporization required than the water. But there were other concerns, regarding 
the safety and toxicity for using ammonia as liquid propellant in laboratory 
tests. Hence in the present study, de-ionized water is chosen as the liquid 
propellant for the propulsion system. The benefits for choosing water as liquid 
propellant are easy availability, cheap, ease of use, less safety concerns and 
environmental friendliness. Moreover a company named Surrey Satellite 
Technology Ltd launched an 88 kg microsatellite in the year 2003[35]. The 
spacecraft used butane propulsion system and a microresistojet propulsion 
system using water as liquid propellant. This microspacecraft was the first one 
to use water propulsion system in space. Hence it was proved that water is a 
suitable propellant choice for the liquid micropropulsion system to perform 
attitude/orbit control of microspacecraft. 
 42 
 
4.2.2 Feed System and Tank for Propellant Storage 
 In liquid rocket engines, two types of feed systems were normally used 
for delivering the propellant from the storage tank to the thrust chamber [38]. 
The first method is to use a pump to deliver the propellant from the tank to the 
chamber. The other method is to use high pressure gas to expel the propellant 
from the tank to the thrust chamber [18]. Previous studies on VLM thruster at 
atmospheric tests used syringe pump as the feed system to deliver the 
propellant to the vaporization chamber [12, 16, 17]. In one study, gravity 
based feed system was implemented for propellant delivery [14]. One of the 
studies in vacuum testing used tank for storage of propellant and a high 
pressure gas was used to deliver the propellant to VLM [18]. In a real time 
spacecraft operation, power consumption for propulsion system is a critical 
factor due to the limited available power. So, the second method of using 
pressurized gas to deliver the propellant is the best choice for spacecraft 
propulsion. But there are some concerns regarding the use of the system which 
will be explained briefly in Chapter 5. In the present study, we used syringe 
pump as the feed system to supply the liquid propellant to the VLM device. 
While using syringe pump as feed system, the choice of storage tank for 
propellant has to be decided for carrying out the thruster testing. We adopted a 
BD plastic syringe having volume of 10 ml to be the storage tank for the liquid 
propellant at sea level test condition. Previous studies on VLM [12,16,17] 
should have used syringe as the storage tank but there was lack of information 
of the storage volume and kind of the syringe employed.  
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4.2.3 Propellant Feed Line  
 The propellant feed line is another important component in the liquid 
micropropulsion system.  Previous investigations reveal that flexible tubing 
was a good option for propellant delivery from the pump to the thruster . We 
decided to use flexible and transparent capillary Teflon tubing with inner 
diameter of 0.5 mm and outer diameter of 1.6 mm and 15 cm length as the 
feed line for delivering the liquid propellant to VLM from the pump. The 
flexibility makes easier connection and transparency allows the visualization 
of liquid propellant flow during thruster operation. In addition, Teflon is a 
good insulator. Hence, it may reduce prevaporization of liquid propellant due 
to thermal effect at thruster inlet.  
4.2.4 Feed Line Connection to Thruster Inlet 
 The propellant feed line connection to the thruster inlet is an essential 
factor in propulsion system. The studies reported before used epoxy [14, 12, 
17] while one study suggested using clamping mechanism for attachment [19]. 
There is a concern in real time practical application, since there may be 
leakage of propellant at inlet due to failure of epoxy glue.  Muller et al. [18] 
used a Pyrex thermal stand-off having an internal feed capillary between the 
valve and thruster inlet. The propellant tube was bonded to the Pyrex material 
thereby avoiding leakage at the inlet.  
 In the present study, we tried two methods of bonding for tube 
attachment to the inlet. The first method is similar to the one used by previous 
studies. Epoxy glue was used to bond the capillary tube with the thruster inlet. 
The figure 4.1 (a) shows the bonding of propellant feed line with VLM inlet 
using epoxy. The propellant feed line is lined up with thruster inlet and epoxy 
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glue is applied over the edge of the tube. It is followed by drying the device 
with glue for 12 hours to necessitate the bonding. The leakage test was done 
by pumping the propellant at a specified flow rate as shown in figure 4.1. We 
observed propellant leaking at the inlet during testing. This is probably either 
due to deposition of glue in the vaporization chamber during the bonding 
process or the glue may not have provided sufficient bonding at the inlet. 
Furthermore the epoxy glue used has to be thermal resistant due to high 
thermal conditions accompanied at the inlet.  
 Hence an alternative method was opted to facilitate the proper 
attachment of feed line with the thruster inlet, withstand the thermal effect and 
to allow us the visualization of propellant flow near the inlet. The visualization 
of propellant flow will be detailed in further section in this chapter and chapter 
5.  A new optically clear solid substrate [7 mm(l) × 7 mm (b)  × 5 mm (h)] 
having an internal feed capillary of 1.6 mm ( to match the propellant tube OD) 
was fabricated using PDMS (Polydimethylsiloxane). The PDMS have 
excellent thermal stability and optically clear [40], which enhances easier use 
for feed line attachment to inlet. The bonding method is carried out in the 
following way: Thruster and solid PDMS substrate are treated with oxygen 
plasma cleaner for 5 minutes to remove impurities on the surface. Then the 
PDMS substrate is lined up with the inlet of the thruster and liquid polymer is 
applied along the edge of the substrate. The device with PDMS substrate is 
placed in oven at a temperature of 65 ºC for one hour to make it bond with the 
VLM. Figure 4.2 (a) shows the bonding and propellant feed line connection to 





 Figure 4-1: (a) Feed line bonding using epoxy glue, (b) Leakage of propellant 
during testing 
 
 Figure 4-2: (a) Propellant feed line connection using PDMS substrate, (b) 
Propellant leakage testing using syringe pump 
Figure 4.2 (b) shows the propellant leakage testing in the PDMS method. The 
solid PDMS holds the feed line tightly and prevents the leakage of liquid 
propellant. The packaged thruster was tested up to 200 ºC to evaluate the 
performance without any leakage problem. 
4.2.5 Temperature and Pressure Measurement 
 The calibrated thin wire ‘T’ type thermocouples were used to measure 
the thruster temperature during operation. Thin wire type thermocouples were 
chosen for easier attachment with thruster wall and faster response time during 
real time temperature measurement. Therefore the normal way attachment of 
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thermocouples induces air gap, which further increases the uncertainty of 
temperature measurement. Hence, a high temperature thermal paste was used 
to ensure an efficient contact of the thermocouples to the thruster. In addition, 
high temperature tape insulator is used to ensure that there will not be gap 
formed between the thruster and thermocouple attachment point during 
experimental testing.  
The propellant mass constitutes an important parameter in propulsion 
system. Hence in the present study, we decided to operate the thruster with a 
lower propellant flow rate (0.2-2.0 mg/s) with achieving higher thrust. In 
accordance with this, the saturation vapor pressure produced will be of lower 
value during the thruster operation. Therefore, a high accuracy Huba Control 
pressure transducer, having the range from 0 to 1.6 bar (absolute pressure) 
with an uncertainty of 0.5 % was used to measure the inlet pressure.  In 
addition Agilent 34907A data logger was selected as the data acquisition 
system for both temperature and pressure measurement at a data acquisition 
rate of 4 Hz in real time thruster operation.  
4.3 Performance Testing of 220 µm × 200 µm Thruster  
In order to study the performance of the thruster, two operational 
modes (constant power and constant temperature) are carried out at sea level 
condition. As the name implies at constant power mode, thruster operates with 
fixed power. In the constant temperature mode, the temperature of the 
vaporization chamber is maintained to be a constant during the thruster 
operation with the variable power.  In both the modes, an initial thermal 
characterization of thruster is performed in order to calibrate the voltage 
requirement for the respective operation modes. Furthermore, a vaporization 
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test is performed in order to identify the stable mode temperature for the 
respective power applied and the corresponding response time to achieve the 
same. Finally, thrust and impulse measurements for both the modes are 
conducted in order to predict the performance of VLM during the two 
operational modes.  
4.3.1 Thermal Characterization 
 Power supply for the liquid micropropulsion system is from the solar 
panels available in the microspacecraft. But in the laboratory testing, DC 
power supply is used to simulate the solar panel of microspacecraft to power 
the thruster. This test is performed under dry condition, (i.e. without any 
propellant flow to the thruster). The thruster design employs placement of 
resistive heater at the bottom of vaporization chamber. The temperature of 
thruster is measured at the bottom wall by a thin wire ‘T’ type thermocouple 
with an uncertainty of ± 0.5 °C. A high temperature thermal paste is used for 
the attachment, which ensures an efficient contact of the thermocouple to the 
thruster. The temperature measured at the bottom wall close to the embedded 
resistive heater is assumed to be the heater temperature. The actual 
temperature of resistive heater may be slightly higher, since temperature drop 
may have occurred across the 100 μm thick LTCC layer (see Chapter 2) 
separating the heater element from the measurement position. Since the 
thickness is small, the difference is assumed to be less.  
In the initial testing, an analog DC power supply was used to supply 
power to the thruster.  So in order to estimate the power, we have to measure 
voltage and resistance for the power applied. The resistance of heater at room 
temperature is measured to be ≈ 3.3 Ω.  But we realized that the resistance of 
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heater changes with the temperature. Hence we measured the resistance for the 
temperature (20 °C to 100 °C) for each respective power applied. Figure 4.3 
shows both the theoretical and experimental variation of heater resistance with 
the temperature. The theoretical variation of heater resistance with temperature 
is obtained by using the temperature co-efficient for silver 0.0038 °C
-1
 [41]. 
The measured (Rex) and theoretical (Rth) heater resistance exhibits linear 
relationship with temperature (T) as follows: 
                   …………………(4.1) 
                   …………………(4.2) 
 
Figure 4-3: Variation of resistance with temperature: (a) experimental curve, 
(b) theoretical curve 
The maximum relative error in heater resistance within the selected 
temperature range is found to be 3 %. Using the Equation 4.2, respective 
power is obtained with the applied voltage for the test points in the 
vaporization test which will be discussed in further sections.  
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4.3.2 Vaporization Testing Method   
 After the thermal characterization test the vaporization test has to be 
performed to optimize the power and propellant flow rate to determine the 
operating region of thruster. In the VLM, preheating the thruster chamber or 
vaporization chamber before passing the liquid propellant is necessary to make 
the chamber temperature ambient in-order to enhance the vaporization process 
faster and smoother as reported in earlier studies [13, 18 and 17]. Hence a new 
ignition control system was developed in order to ignite the thruster before the 
propellant is pumped in the vaporization chamber. Since this is a liquid 
propellant thruster, the ignition here represents the making of the ambient 
condition (i.e. to vaporize the incoming propellant at the instant in enters) in 
the vaporization chamber. Furthermore, the stable operating mode 
(temperature remains constant) and time taken for reaching it is a key factor in 
orbit/attitude control of microsatellites as discussed in Chapter 1. So, we 
designed and built an in-house closed loop ignition circuit consisting of DC 
power supply, PID temperature controller and solid state relay integrated with 
VLM device as shown in figure 4.4. The wire type thermocouple is bonded on 
the bottom wall at a distance of 3.5 mm from the inlet as shown in the figure 
4.4. The distance indicates the center of the vaporization chamber (chamber 
length: 7 mm).  It is chosen since measuring the temperature at the center of 
the chamber means more realistic than at the entrance or near end of the 
chamber. The ignition circuit aids the following merits in the liquid 
micropropulsion system:  
 Preheating the thruster at a faster time once the power supply is 
switched on.  
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 Aids in achieving smoother jet flow which directly increases the 
performance of the propulsion system. 
 Helps in reaching the stable mode operation at faster time and 
maintains it till the thruster is shut down (orbit control requirement, see 
Chapter 1). 
 Easy switch over between the operational modes (either constant 
power or constant temperature) depending on the requirement in real 
time practical application.  For instance the thruster can run at either 
(constant temperature or constant power mode) for orbit control of 
microspacecraft (see Chapter 1) and at constant power mode for 
attitude control.  
 
Figure 4-4: Schematic view of ignition circuit with thermocouple bonded to 
VLM device 
4.3.2.1 Vaporization Test 
 In the vaporization test, in order to achieve stable mode at a shortest 
possible time, a complete phase change of the incoming propellant has to takes 
place before it reaches the nozzle inlet. Hence the thruster has to be tested with 
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the range of propellant mass flow rate to find out the optimum one required for 
thruster operation. Therefore, we chose the propellant flow rate in the range of 
(0.2 to 2.0 mg/s) for the initial experimental study.  
The vaporization testing method sequence is described below: 
1. The thruster is preheated to a temperature of 160 °C and it is 
maintained by using the ignition circuit described before.  
2. A calibrated microcontroller based syringe pump (Model KDS 100, 
KD Scientific) supplies the liquid propellant at the room temperature 
(25 °C) to the thruster at the predefined flow rate. 
3. Liquid propellant passes through the thruster and the set point 
temperature (here its preheated temperature) decreases due to cooling 
of thruster by the propellant and reaches stable mode after few seconds 
of thruster operation.  
4. Voltage is precisely adjusted to achieve the steady state temperature. 
The voltage and stable mode temperature are recorded. 
5.  Heater resistance is determined from Eq. 4.2, using the measured 
temperature. 
6. From the measured voltage and resistance, the corresponding power of 
the VLM thruster is determined. 
The above mentioned sequence is the normal method for determining the 
power required for vaporization of propellant at different flow rates. But 
before that, as said it is crucial to know the operating propellant flow rate for 
the thruster. Hence, we need to first eliminate the dryout phenomenon in the 
vaporization chamber; otherwise it would cause catastrophic failure to the 
thruster.  Critical heat flux (CHF) otherwise known as (burnout, dry out) refers 
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to the sudden decrease in the heat transfer coefficient for a surface on which 
evaporation or boiling is occurring. This is the point where all of the liquid 
propellant has been vaporized with a sudden rise in wall temperature and a 
slower rise in the vapor temperature.  In the VLM thruster, if the dryout 
happens too early in the heating process, then a substantial fraction of the 
applied power will heat the wall and there will be mild increase in vapor 
temperature and specific impulse. But, once the critical heat flux is exceeded it 
causes the replacement of liquid adjacent to the heat transfer surface with a 
vapor blanket. This blanket acts as a barrier to heat flow from the heat 
dissipating device, resulting in possible catastrophic failure (burnout) of the 
device.  
The thruster was tested from a propellant mass flow rate of 0.22 mg/s. 
The testing method sequence is same as the one described above. The 
temperature of the chamber is measured during the thruster operation. Figures 
4.5 and 4.6 shown below indicate the dry out phenomenon happening in the 
chamber. As the flow enters the heated chamber, it cools the chamber which is 
indicated by decrease in the temperature. This happens for a short time, and 
then followed by increase in wall temperature. The cycle repeats till the 
propellant flow is stopped. This indicates that the dry out has happened and 
the chamber is without the liquid propellant for few seconds. The localized 
heating cause the wall temperature to increase to a higher value and sometimes 
there was device failure due to overheating. Few of the thruster prototypes 
failed due to this phenomenal occurring.  Hence from this testing, we found 
that the two prototypes thruster can operate at a minimum propellant flow rate 
of 0.8 mg/s. The maximum propellant flow rate was not tested at this moment 
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since the sea level testing does not replicate the real time application of 
thruster. Hence, we decided to test the thruster for the maximum mass flow 
rate in the vacuum conditions, which will be discussed in chapter 5.  
 
Figure 4-5: Temperature curve for propellant mass flow rate 0.2 mg/s with 
heater power of 3.5 W 
 
Figure 4-6: Temperature curve for propellant mass flow rate 0.2 mg/s with 
heater power of 4.0 W 
 Hence our first real time measurement of temperature, pressure and 
thrust was carried out for a propellant flow rate of 1.0 mg/s. Even though the 
thruster starts working at 0.8 mg/s, it is beneficial to have a little higher 





































carry out the vaporization test followed by performance testing with 
measurement of thrust and specific impulse.   
The vaporization test sequence as described is followed to find the 
power requirement for the thruster operation. Figure 4.7 shows the results of 
vaporization test obtained for the liquid propellant flow rate of 1.0 mg/s with 
heater power varied from 7.1 W to 9.2 W. The following inferences can be 
made from the figure 4.7. At lower heater power with corresponding lower 
thruster temperature, the heat supplied is almost used for the ongoing 
vaporization of water along the channel. Further rise in heater power leads to 
increase of vapor temperature. Hence the gradient of the curve becomes 
steeper at higher power with corresponding higher temperatures (>145 °C).   
 
 Figure 4-7: Vaporization curve for propellant mass flow rate of 1.0 mg/s
 
 
 During the vaporization test we visually observed the flow condition at 
nozzle exit with a high intensity light source. This is done to understand the 
nature of the flow at the nozzle exit which gives insight about the flow quality.  
For temperature below 126 °C, vaporization of liquid propellant is incomplete 
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in the channel, with flow of liquid droplets seen at the nozzle exit. The thruster 
starts operating from 126 °C. Vapor with small droplets of water are expelled 
at nozzle exit for the thruster operation at the temperature range of 126 °C to 
140 °C. Also water droplet condenses at the side walls of nozzle exit due to 
insufficient heating. Further rise in heater power results in complete vapor jet 
at nozzle exit and it’s the preferred regime of VLM operation. 
4.3.3 Thrust measurement system 
 The next step is to measure the thrust produced by the thruster for the 
propellant flow rate of 1.0 mg/s with the applied power. The microthrust 
measurement plays a crucial role in the performance testing of VLM. A 
special consideration has been given to the measurement methodology, due to 
its relatively small thrust value. The method that is employed in the present 
study is similar to that reported by [13, 34, 42].  
A thrust measurement system for measuring the thrust produced by a 
stationary liquid propellant thruster has been developed using a cantilevered 
beam type micro-force sensor (AE 801, Sensor One Technologies Corp) and 
the associated signal conditioning. A special fixture is fabricated to secure the 
thruster in order to avoid the vibrations due to thruster operation. Hence, in 
our study the steam jet force is measured which is equivalent to the thrust 
produced by the thruster. The sensor consists of a very small and fragile 
silicon cantilevered beam with piezoresistive strain gages mounted to the fixed 
base of the cantilevered beam as shown in figure 4.8. The significant features 
of the sensor are its high sensitivity, stability and dynamic measurement range.  
The thruster produces dynamic hot vapor jet at a faster rate and the sensor has 
the advantage to measure it accurately due to the properties mentioned above. 
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But, there was concern regarding the thermal effect of hot jet on the sensor, 
since the sensor is made of silicon material. It induces more errors in thrust 
measurement value.  Hence, the sensor is coated with a thin layer of silicone 
for insulating from thermal environment (see figure 4.8). The VLM vapor jet 
produces the mechanical deflection at the tip of the cantilever beam as shown 
in the figure 4.8. 
 
Figure 4-8: VLM thrust measurement with AE 801 sensor. 
Due to the deflection, a change in the strain gage resistance across the 
beam is observed. A 24-bit simultaneous bridge module (Model NI 9237, 
National Instruments) is selected as the data acquisition system. A low noise 
cable (RJ 50, from National instruments) is used to connect the microforce 
sensor with the NI data acquisition system. The output of the piezoresistive 
sensor is the strain value rather than the actual force. Hence using classical 
mechanics theory, a formula is derived for the point load acting on the tip of 
cantilever microforce sensor and hence the thrust is determined. Labview 
signal express 2009 software is employed as the data acquisition software for 
recording the thrust data. The sensor working principle and calibration details 
are discussed in Appendix B. 
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The microforce sensor is very fragile and of small size. Hence, we 
designed a special fixture with micrometer resolution positioning system to 
securely hold the sensor, thereby reducing the vibrations due to thrust from 
VLM jet. In addition, it helps in accurate positioning of the microforce sensor. 
The positioning of sensor is of great importance, since in our experimental 
testing, the jet force is measured instead of the reaction force of the thruster. 
Hence we carried out the experiments by keeping the sensor at different 
position ranging from 1 mm to 6 mm from the nozzle exit.  Positioning of 
sensor close to the nozzle exit (1.0 mm to 3.0 mm) disturbs the flow pattern in 
the thruster. Furthermore when the sensor is placed at a closer proximity to the 
nozzle exit, condensation of water vapor on sensor surface is visualized which 
sometimes blocks the jet. This would result in catastrophic failure of thruster. 
Also positioning of the sensor farther from the nozzle exit (> 5 mm), measures 
a lower value of force due to much diverged jet flow. We observed that 4 mm 
from the nozzle exit was the optimum distance for the jet force measurement. 
Few sets of experiments are conducted to emphasize that measurement at 4 
mm does not influence the jet flow from the thruster.  It is assumed that thrust 
measured at 4 mm is the actual force produced by VLM [14] and this distance 
is maintained all through our experiments carried out in this study.  
4.3.3.1 Measurement methodology 
 Figure 4.9 shows the schematic view of the experimental setup 
constructed for performance characterization of VLM at sea level condition. 
De-ionized water is selected as liquid propellant for the sake of experimental 
Simplicity and low toxic nature as explained in section. A microcontroller 
based syringe pump supplies the liquid propellant (De-ionized water) at room 
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temperature (25 °C) to the thruster. A flexible propellant feed line (Teflon 
tube) connects the syringe pump to the inlet of the thruster. A valve is 
mounted near to the syringe pump for regulating the propellant flow to the 
thruster. The other end of the feed line is connected to thruster inlet by 
employing a PDMS (Polydimethylsiloxane) as shown in figure 4.9. The VLM 
inlet pressure is measured by a pressure transducer with an uncertainty of 0.5 
%. A thin wire ‘T’ type thermocouple attached to the bottom wall of the 
thruster by using a high temperature thermal past measures the thruster 
temperature during operation.  
 
Figure 4-9: Schematic view of setup for sea level testing 
1.  Syringe Pump 5.  VLM 9.   DC power supply 
2. Valve 6.   Microforce sensor 10.  Temperature controller 
3. Teflon tube Absorbent material 11.  Data acquisition system 
4. Pressure 
transducer 
8.   Positioning 
system with  fixture 
12.  Solid state relay 




Figure 4-10: Experimental rig for VLM testing at sea level 
The thrust measurement is done by preheating the chip to 160 °C and 
PID controller with solid state relay is used to maintain the VLM at a constant 
temperature.  In the dry condition (without liquid propellant flow), the thruster 
is supplied with the respective voltage for the stable mode temperature 
(determined from the vaporization test) as it reaches once the liquid propellant 
is passed. The supplied voltage increases the thruster temperature to a higher 
value, unless a PID temperature controller with a solid state relay is used to 
maintain at the set point temperature (it represents the preheated temperature 
160 °C). Hence in the dry condition, thruster operates in constant temperature 
mode. The data acquisition system for measurement of pressure and thrust are 
switched on simultaneously. Then the syringe pump is set at required flow rate 
(1 mg/s) and the valve is turned on. The thruster starts operating with a jet 
flow seen at the nozzle exit. The inlet pressure and thrust are measured 
simultaneously from the start up till the thruster shut down. The thruster is run 
for 400 s to 500 s for all the test points (7 to 9 W) and all the data’s are 
recorded. Figure 4.10 shows the experimental rig constructed for performance 
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testing of VLM at sea level condition. The measurement set up is enclosed in a 
Perspex chamber (see figure 4.10) and placed on a heavy table to avoid 
environmental disturbances during thrust measurement.  
Since the thruster runtime is for a span 400 s to 500 s for every test 
point, we noticed that the water vapor jet condenses on microforce sensor, 
during thrust measurement. The liquid water adds up weight and creates a 
significant error in thrust measurement. Hence to eliminate the condensation 
problem, an absorbent material is placed 1 mm below the point of thrust 
actuation (see figure 4.9). This method solved the condensation issue during 
each test runs. Hence thrust can be measured continuously for longer time and 
more realistic values were achieved.  
Six test runs were conducted to study the performance of the thruster at sea 
level condition. Figure 4.11 shows the thrust and pressure curves for the one 
test run carried out with a heater power of 7.1 W. The other test runs can be 
seen from Appendix C. As the valve is turned on, propellant enters the 
preheated vaporization chamber through the thruster inlet. The propellant 
cools down the VLM thereby the temperature drops and reaches steady state 
within a few seconds from the start up. The drop in temperature is observed in 
the PID temperature controller. In this experiment, the steady state 
temperature is noted down from the temperature controller. Subsequently, 
there is a sharp increase in thrust and pressure curves as seen from the figure.  
Once the liquid propellant starts vaporizing, the chamber pressure increases 
and reaches steady state as shown in the figure 4.11.  Even though, the 
pressure curve takes time to achieve stable, the thrust curve attains stable 
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mode at approximately 100 s from the start up and remains at same till the 
valve is shut off.  
 
 Figure 4-11: Thrust and pressure curves (33. 6 µN thrust, 7.1 W input power 
and 103.90 kPa inlet pressure, 126 °C temperature). 
4.3.4 Average Thrust with Power 
 Figure 4.12 shows the variation of average values (Run time:100 s) of 
thrust, inlet pressure and temperature with heater input power during steady 
state operation of VLM. The microforce sensor measures the impinging jet 
force of the VLM thruster. It is assumed that the impinging jet force is 
equivalent to thrust produced by thruster. If pressure thrust is neglected, then 
the force (F) produced by VLM is given by the product of mass flow rate with 
exit velocity of vapor [40]. 























Figure 4-12: Average thrust, pressure and temperature with heater input 
power. 
 The exit vapor jet velocity is proportional to chamber temperature (T) 
and pressure ratio (exit pressure (Pe) / chamber pressure (Pc)). The increase in 
heater power results in higher chamber temperature with corresponding higher 
saturation vapor pressure. The saturation vapor pressure raises approximately 
100 mbar with increase in temperature. The increase of saturation vapor 
pressure and temperature contributes to increase in kinetic energy (exit vapor 
velocity) of the water vapor jet. Hence thrust increases with power for the 
same mass flow rate with higher input power. A maximum thrust of 67.7 μN is 
produced with a heater power of 9.2 W at a temperature of 148 °C.  
4.3.5 Specific impulse 
 The specific impulse, defined as ratio of total impulse to the propellant 
weight, is an important parameter used to evaluate the thruster performance. 
Specific impulse (Is) for constant propellant flow rate, producing constant 











where ’g’ is the standard acceleration of gravity at sea level. The higher the 
specific impulse, the less propellant is needed to gain a given amount of 
momentum. Specific impulse increases with power due to higher exit vapor 
velocity. An average specific impulse of 3.42 s to 6.90 s is obtained for current 
propellant flow rate with input heater power of 7.1 W to 9.2 W.  
4.3.6 Impulse bit 
 Impulse bit is also an important parameter in microsatellite attitude 
control. In steady state VLM Operation, impulse bit (I) is the product of thrust 
(F) with run time (t). One of the inherent advantages of liquid propellant 
thruster over solid propellant microthruster [33] is that the run time of the 
thruster can be varied using the valve to meet the attitude control requirements 
of the microsatellite. Furthermore the thruster can be restarted any number of 
times. Table 4.1 shows the comparison of required impulse bit [18] and 
measured impulse bit for pointing microsatellites of mass (10, 20 kg) by 17 
mrad (1°) with a thruster firing time of 20 s and 100 s. Impulse bit requirement 
depends upon the mass of spacecraft and firing time of thruster. Spacecraft 
having higher mass requires more impulse bit than its lower counterparts. In 
addition, higher impulse bit is required if pointing is done with a short firing 
interval (i.e. for pointing microsatellite (10, 20 kg) by 1° with a thruster firing 
of 20 s requires more impulse bit than the firing time of 100 s). Measured 
impulse bit of 0.67 mNs to 1.4 mNs for thruster firing time of 20 s in stable 
mode operation nearly matches with the required impulse bit. But, the 
measured impulse bit of 3.40 mNs to 6.70 mNs for thruster firing of 100 s is 
higher than the required one. Thus for the current propellant flow rate of 1.0 
mg/s, thruster firing of 20 s is sufficient to meet the impulse bit requirement 
 64 
 
for attitude control of spacecraft. Thruster fired for 100 s consumes more 
propellant and it is considered to be not economical in real time practical 
application.  




Required impulse bit 
(mNs) 
Measured impulse bit 
(mNs) 
20 s 100 s 20 s 100 s 
10 0.43  0.09  
0.67  to 
1.40 
3.40  to 
6.70 
20 1.10  0.23 
 
3.3.5 Thruster Performance Data  
Table 4-2: Thruster performance data for propellant flow rate of 1.0 mg/s 
Input Power (W) 7.1 7.7 8.3 8.7 9.0 9.2 










































































 Table 4.2 summarizes the performance data of the VLM thruster 
operation. Maximum and minimum values for thrust, specific impulse are 
reported for all test points during steady state VLM operation. Standard 
deviation for thrust produced is about 3.9 μN to 4.8 μN and for specific 
impulse in the range of 0.38 s to 0.46 s.  
4.3.7 Improved Method for Thrust Measurement 
 In the previous method described above in section 4.3.3, the thrust 
measurement of steam/vapor jet is done by placing the sensor directly at a 
distance of 4 mm from the VLM nozzle exit. The following demerits were 
identified due to this method: 
 The face of the sensor is predefined by the sensor manufacturer which 
does not accommodate the whole vapor jet from the nozzle exit. Due to 
this the measured thrust value is probably less than the real produced 
thrust. 
 The silicone coated on the sensor face does not provide a complete 
insulation from the dynamic thermal environment of hot VLM jet. This 
deteriorates the mechanical strain property of the sensor which leads to 
erroneous thrust data. 
 A small amount of water condensation on sensor affects the accuracy 
of thrust measurement.  
Due to the above cited setbacks, a new method is designed for measuring the 
thrust force of the vapor jet. A Perspex beam of size 50 mm (l) × 1.4 mm (w) 
× 4 mm (h) with a 0.7 mm circular pivot machined at its center as shown in 
figure 4.13 is used to transform the water vapor/steam jet thrust force to the 
microforce sensor. The beam is free to rotate about the pivot which is hinged 
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with a needle of fine surface finish. As the vapor jet impinges on to one end of 
the Perspex beam, the other end touches the tip of the microforce sensor. This 
arrangement transforms the uneven distributed load on the Perspex beam by 
the vapor jet into a point load on the sensor as shown in figure 4.13. The 
Perspex beam is placed at 4 mm from the nozzle exit to avoid the flow 
disturbances in the nozzle and the exit as well. It is assumed that, the thrust 
measured at 4 mm from nozzle exit is the force produced by VLM [14].  
 
Figure 4-13: Schematic view of force measurement method 
A positioning system with specially designed fixture secures the sensor, 
thereby reducing the vibrations due to thrust and helps in accurate positioning 
of the microforce sensor. The Perspex beam and sensor is kept at a minimum 
gap by using the positioning system. Minimum gap ensures that only the 
normal force component to the Perspex beam will be measured by the sensor. 
The key factors of incorporating this improved thrust measurement are: 
 The indirect measurement using an intermediate Perspex beam helps in 
accommodating the whole vapor jet from the nozzle exit. 
 No effect of temperature due to the vapor jet acting on the sensor 
surface which greatly reduces the temperature fluctuation of the sensor. 
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As seen from figure 4.13, the vapor jet from VLM does not impinge on the tip 
of the Perspex beam. The experimental rig is setup and the jet impingement on 
the Perspex beam is observed visually (i.e. size and area of the beam which it 
covers during operation). The location of the point load is taken to be the 
center of the jet as shown by the marked line in figure 4.13. The sensor is 
calibrated with standard weights placed on the marked centerline of the 
Perspex beam. Due to the pivot the Perspex beam produces the same amount 
of displacement on the other end which produces the contact to the tip of the 
sensor. So an effective translation of force from the vapor jet to the sensor is 
achieved and the corresponding force is recorded. The temperature of the exit 
vapor jet is certainly above 100 °C. This probably leads to the softening of the 
Perspex beam. In order to avoid the softening effect, a thin layer of epoxy is 
coated at the area of the beam where the jet impinges. 
4.3.8 Constant Temperature Mode Operation 
 In constant power mode operation described in the section 4.3.3.1, we 
infer the following facts: Thruster takes longer time to reach stable mode 
operation (150 s to 200 s) which becomes a critical factor in attitude/orbit 
control of microspacecraft. Since if longer time is needed to reach stable 
mode, then the propellant consumption is higher and the positioning of 
microspacecraft at desired location cannot be achieved. In addition, while 
testing at higher temperatures, we observed that the temperature becomes 
unstable during VLM operation. Due to this constraint, the maximum 
temperature for constant power mode is limited to 150 °C. This phenomenon 
is due to the flow boiling which creates instability inside the thruster [19]. So 
in order to overcome this instability, the thrust measurement is carried out by 
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keeping the temperature constant during the thruster operation. The constant 
temperature mode operation will be discussed in detail in the next section. We 
noted that the thruster quickly reaches steady state operation under constant 
temperature mode rather than constant power mode and this observation is in 
line with [18]. 
Figures 4.14 and 4.15 shows the stable operating modes of the thruster 
for the lower and higher propellant flow rates respectively (0.8 and 1.2 mg/s). 
The experiment was carried out with a temperature rise of 5 °C for both 
propellant rates. Once the valve is opened, there is sharp increase in inlet 
pressure, thrust and a drop in the temperature. The drop in temperature is due 
to cooling of thruster by the liquid propellant. The temperature drop is only for 
a short duration as the temperature controller brings the thruster to the set 
point temperature due to the extra power/voltage applied. This enables the 
thruster to operate in constant temperature mode operation. The thruster 
reaches stable mode operation within few seconds from the start up. The 






Figure 4-14: Thrust and pressure curves for liquid propellant flow rate of 0.8 
mg/s. 
(a) PHT 130°C (d) PHT  145°C (g) PHT 160°C 
(b) PHT  135°C (e) PHT 150°C (h) PHT 165 °C 






Figure 4-15: Thrust and pressure curves for liquid propellant flow rate of 1.2 
mg/s. 
 
(a) PHT 140°C (d) PHT  155°C (g) PHT 170°C 
(b) PHT  145°C (e) PHT 160°C (h) PHT 175 °C 
(c) PHT  150°C (f) PHT 165°C  
 
 
4.3.9 Variation of thrust with Temperature and Propellant flow rates 
 Neglecting the pressure difference at nozzle exit with respect to the 
surroundings, the thrust (F) produced by VLM is given by the product of mass 
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flow rate and the exit vapor velocity [39]. Figure 4.16 shows the average 
values of the thrust and pressure with thruster temperature for both propellant 
flow rates during steady state operation (100 s) with temperature ranging from 
130 °C to 170 °C. The inlet pressure for both propellant flow rates increases 
with thruster temperature, since higher temperature corresponds to higher 
saturation vapor pressure. For the same thruster temperature, higher propellant 
flow rate results in higher pressure as expected. Some of the features apparent 
from figure 4.16 are: 1) thrust increases with temperature for both propellant 
flow rates and 2) A crossover between the two curves occurs at a temperature 
of around 145 °C. Increase of thrust with temperature is due to increase in 
kinetic energy and vapor pressure of the water vapor jet. Before the crossover 
point, lower propellant flow rate produces higher thrust as it vaporizes more 
than higher propellant flow rate, leading to higher exit velocity. When thruster 
temperature is increased above the crossover point, higher propellant flow rate 
produces more thrust. At higher thruster temperatures, water flowing through 
the chamber is completely vaporized for both propellant flow rates. Hence 
thrust in this region is influenced by mass flow rate. The lower propellant rate 
produces thrusts in the range of 19.44 μN to 85.05 μN with a standard 
deviation of 0.75 μN to 1.12 μN. Similarly higher propellant rate produces 
thrusts in the range of 18.81 μN to 100.70 μN with a standard deviation of 
0.87 μN to 1.97 μN. These standard deviations show that the lower thrust 
values oscillate more than the higher ones, around 4% for the former and 1% 




Figure 4-16: Thrust versus temperature for water flow rates: (a) 1.2 mg/s and 
(b) 0.8 mg/s 
4.4 Performance comparison of 220 µm × 200 µm and 220 µm 
× 300 µm Thruster  
 The performances of two thrusters are compared with the propellant 
flow rate of 1.2 mg/s at constant temperature mode operation.  From the 
chapter 2 , the dimensions of the vaporization chamber for both the thrusters 
are 7 mm (l) × 600 µm× (w) × 200 µm (h) and 7 mm (l) × 600 µm× (w) × 300 
µm (h)  respectively. The vaporization chamber and the nozzle are designed in 
in-plane configuration as detailed in Chapter 2. The fabricated two thrusters 
fabricated differ only by the height. Figure 4.17 and 4.18 shows the thrust and 




Figure 4-17: Pressure versus temperature for propellant flow rate of 1.2 mg/s 
 
Figure 4-18: Thrust versus temperature for propellant flow rate of 1.2 mg/s 
The 220 µm × 200 µm thruster produces an average thrust from 20.1 µN to 
100.7 µN thrust with the temperature varied from 135 °C to 170 °C while 220 
µm × 300 µm thruster produces an average thrust from 19.0 µN to 70.0 µN 
thrust with the temperature varied from 132.0 °C to 174.0 °C. The pressure 
measured varies from 102.13 kPa to 102.70 kPa and from 103.54 kPa to 
105.02 kPa for 220 µm × 300 µm thruster and 220 µm × 200 µm thruster with 
the temperature respectively. The performance comparison for both thrusters 
with temperature for the same propellant flow rate (1.2 mg/s) indicates that: 
1. The pressure measured for 220 µm × 200 µm thruster is relatively 
higher than the 220 µm × 300 µm thruster. During the VLM 
performance testing, a high intensity light source was used to visually 
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observe the nature of flow in the propellant feed line near to the VLM 
inlet. In both thrusters, we observed the occurrence of back flow in the 
feed line near to the inlet. This is probably due to the explosive boiling 
and rapid bubble growth occurring in the vaporization chamber during 
thruster operation []. Furthermore the frequency of the back flow for 
220 µm × 200 µm thruster is relatively higher than the 220 µm × 300 
µm thruster. This is due to the lesser volume of the vaporization 
chamber and throat when compared 220 µm × 300 µm thruster. 
2. The figure 4.17 indicates that the thrust produced for 220 µm × 200 
µm thruster is relatively higher than the 220 µm × 300 µm thruster. In 
the current VLM design, a single side heater is used for vaporizing the 
liquid propellant in creating the steam jet. Moreover the heater is 
integrated at the bottom of the vaporization chamber. The heat transfer 
to the vaporization chamber is more efficient for 220 µm × 200 µm 
thruster than the 220 µm × 300 µm thruster due to the lesser 
vaporization chamber volume. This results in efficient vaporization 
process which produces higher quality of steam jet. Moreover the 
saturation vapor pressure will be higher for a high temperature vapor 
jet. Thus the thrust produced for 220 µm × 200 µm thruster is higher 
than the 220 µm × 300 µm thruster for the same propellant rate with 
temperature. 
4.5 Chapter Summary 
 This chapter details the complete construction of experimental rig for 
performance testing of thruster at sea level condition. The following 
conclusions are summarized here:  
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 A new method for feed line attachment to VLM inlet is detailed in this 
chapter. It serves the following functions: thermal stand off to the feed 
line, clear transparency allows visualizing the nature of flow through 
the thruster, higher thermal stability and easier connection of feed line 
to thruster inlet.  
 Preheating the vaporization chamber facilitates the vaporization of 
incoming propellant and enhances smoother jet flow which improves 
the thruster efficiency. The ignition circuit consisting of the closed 
loop with power supply, PID temperature controller, solid state relay 
and VLM ensures that thruster reaches stable mode at faster time from 
the start up. Tests are carried out to determine the minimum operating 
flow rate for the present design. It is found that thruster operates from a 
minimum propellant flow rate of 0.8 mg/s.  
 A simple microthrust measurement was proposed for the steam jet. The 
microforce sensor employed was able to measure the small thrust force 
with dynamic range. The experimental rig constructed measures the jet 
force instead of the reaction force developed by the thruster.  
 Two new different operational modes (constant power and constant 
temperature) for VLMs are described briefly in this chapter. The 
ignition circuit helps in achieving the stable mode operation faster.  
 Performance tests were done on 220 µm × 200 µm thruster with 
constant power and constant temperature modes. The results show that 
in constant power mode thruster takes 150 s to 200 s approximately to 
reach stable mode operation. The measured thrust and specific impulse 
is of lower value since the nozzle operates in subsonic region. The 
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nozzle is not choked in sea level test. At higher power testing, the 
temperature was unstable due to flow boiling phenomenon. So, 
constant temperature mode test was carried out and the results were 
promising. Thruster reaches stable mode approximately at 100 s. The 
performance of the system was tested with varying thruster 
temperature and measuring the thrust produced by the steam jet.  
 From the sea level testing both the thruster prototypes can produce 
impulse bit in similar ranges and satisfies the requirements for attitude 
control of microspacecraft. Although it is not a realistic one since the 
impulse bit requirement reported [] is in vacuum but the testing was in 
sea level. Specific impulse was of very low value since the flow is 
subsonic in the nozzle due to testing at sea level. The nozzle was 
designed to operate in supersonic condition at vacuum condition. Thus 
testing at sea level causes the flow separation at the divergent portion 
of the nozzle there by reducing the efficiency of the thruster.  
 Similarly performance test was done on 220 µm × 300 µm thruster 
with constant power mode. Reported thrust is of lower value since the 
jet flow is subsonic at sea level testing. Finally the two thrusters are 
compared and found that 220 µm × 200 µm performs better than the 










“In scientific researches, there are no unsuccessful experiments; every 
experiment contains a lesson. If we don’t get the results anticipated and stop 
right there, it is the man that is unsuccessful, not the experiment”                 
…………………………Alexander Graham Bell 
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CHAPTER 5 Experimental Testing 
at Simulated Space Condition 
5.1 Introduction 
 This chapter briefly describes the design and construction of 
experimental rig for performance characterization testing of liquid 
micropropulsion system at vacuum conditions.  In real practical application, 
the microspacecraft operation takes place in space environment.  As 
mentioned in the earlier Chapters, the application of liquid propellant 
microthruster in microspacecraft has a major potential due to its restartability, 
producing continuous variable and pulsed mode thrust. Very few studies were 
conducted in past to study the performance thruster at vacuum environment 
[18, 19]. From the sea level tests detailed in last chapter, it is found that 220 
µm × 200 µm thruster performs more efficiently than the 220 µm × 300 µm 
thruster. Hence, the 220 µm × 200 µm thruster performance is studied under 
vacuum conditions.  This chapter gives more insight into the detail design, 
fabrication of vacuum chamber, so that the thruster can be tested under 
simulated conditions and details the building up of the propulsion system to 




5.2 Experimental Testing 
5.2.1  Vacuum chamber description 
 A special vacuum chamber has to be designed and constructed to test 
the liquid micropropulsion system in the simulated space condition. We opted 
to study the performance of the thruster with a range of propellant flow rate 
varying from 0.8 mg/s to 2.0 mg/s for a thruster run time of 500 s. Hence the 
chamber has to be designed in such a way that, during thruster running the rise 
in chamber pressure due to exhaust jet from thruster has to be minimal. 
Otherwise, the chamber pressure has an effect on performance of the thruster.  
Hence with a preliminary calculation based on the propellant flow rate and run 
time, we estimated the chamber volume to be 0.028 m
3 
. Thus a stainless steel 
chamber having inner diameter of 350 mm, height of 300 mm and thickness of 
10 mm is fabricated with a circular view port on its side and an acrylic cover 
having thickness of 10 mm is used on the top of the chamber.  
The acrylic top cover and circular side view port allows in visualizing 
the nature of the liquid propellant flow in the feed line and the jet from the 
thruster during operation. This further helps us to get clear understanding of 
the complete liquid micropropulsion system in simulated space condition. As 
discussed in chapter 3, the propulsion system consists of thruster, pressure 
transducer, thermocouples, DC power supply, PID temperature controller with 
solid state relay and other components. The analog DC power supply used in 
sea level testing was replaced with digital DC power supply. Hence current 
and voltage was measured to estimate the power supplied to thruster. With the 
space constraint in the chamber, the DC power supply, PID temperature 
controller with solid state relay are stationed outside. Hence two 9 pin 
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electrical feed-through  (Ceramtec) are used to connect the DC power supply 
to VLM, pressure transducer, microforce sensor, Rs 232 connection and valve 
electrical connections. In addition, for, a ’T’ thermocouple feed-through from 
(Ceramtec) is used for temperature measurement during thruster operation.  A 
4 pin electrical feed-through (Ceramtec) is used for power connection to the 
syringe pump.  Standard KF 16 and KF 25 flanges are welded to the chamber 
and it enables the connection for feed-through fittings. A 4 way joint is used to 
connect the vacuum chamber, vacuum pressure transducer, vacuum gauge and 
the vacuum pump. All the connectors and electrical feed-throughs for 
communication between the ambient and vacuum chamber has been selected 
with vacuum standards to provide the leak proof environment.  
In the vacuum chamber test, a few set of experimental test rigs have 
been developed in order to improvise the VLM performance in real space 
condition. The methods are described in the following sections.  
5.2.2  Method -1 
 The first method of testing the thruster in space simulated condition 
was carried out by adopting the similar method proposed in [19]. The authors 
reported that syringe pump placed at ambient was used to supply the liquid 
propellant to the thruster placed in vacuum chamber. In addition to that a 
metering valve was placed in line with the feed line used to control the flow 
rate to the thruster [19].  Though, the approach seems to be easy way of testing 
the thruster in vacuum condition but it is unclear that why the pump was used 
to deliver the propellant to the thruster and the flow rate was controlled with a 
valve. The pressure difference created between ambient and vacuum must 
have induced the flow rate and valve may have been used to control the flow 
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rate to the thruster. Thus the use of pump with a valve seems to be unrealistic 
for testing the performance of thruster at simulated space condition.  
 Hence, we decided to simulate the similar setup described in [19], but 
without the syringe pump as shown in figure 5.1. The experimental rig 
consists of 10 ml plastic syringe which acts as reservoir for storage of liquid 
propellant as detailed in chapter 4, a propellant feed line (Teflon tubing), 
PEEK shut-off valve (Upchurch Scientific), PEEK micro-metering valve 
(Upchurch Scientific), tube feed-through, thruster and the vacuum chamber. 
The tube feed through was specially designed and fabricated using mild steel 
for the feed line used for delivering the propellant to the thruster.  
 
Figure 5-1: Preliminary testing with propellant reservoir outside. 
5.2.2.1 Degasification of propellant 
 De ionized water is used as the liquid propellant for the propulsion 
system as detailed in Chapter 4. The propellant has dissolved gases which will 
affect the performance of the system. Hence degassing has to be done to 
remove the dissolved gases in the liquid propellant. Two methods are 
incorporated in the present study for the degassing the propellant.  
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In the first method, Ultrasonicator is used to remove the dissolved 
gases. The syringe filled with de ionized water is kept in Ultrasonicator bath 
for approximately 20 minutes. During this process the dissolved gases emerge 
and released at the outlet of the syringe. Though it is simple, there are some 
demerits in this approach. The bath heats the syringe during degassing process 
which may affect the seal in the piston. Furthermore, after the degassing 
process the syringe has to be kept in ambient for a period of time in order to 
bring the propellant temperature to ambient condition.  
In the second method, the de-ionized water used was exposed to a 
vacuum environment for approximately 15 minutes prior to integration with 
the system [36]. We noticed that during this process, roughly half of the initial 
quantity of water was lost due to evaporation which indicates that the water is 
well de-gassed. This method had the effect of removing the dissolved gas from 
the water propellant.  Comparing the two methods the second one is chosen, 
since there is no heating involved and degassing is more effective.  
5.2.2.2 Testing Approach 
 After the degassing, ultimate care was taken to avoid the exposure of 
the propellant to the atmospheric condition. Thus, the outlet of the syringe 
loaded with propellant is closed with a needle and a cap. The thruster is placed 
inside the chamber with other components in atmospheric level as shown in 
figure 5.1.  During the testing the reservoir (syringe) loaded with propellant is 
connected to the shut off valve followed by metering valve to the thruster inlet 
by the propellant feed line as shown in the figure 5.1.  The experimental 
testing is conducted by closing the shut off valve and vacuuming the chamber 
at a slower rate. The shut off valve is closed during the vacuuming process in 
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order to avoid the exposure of the propellant to the vacuum. Otherwise it may 
induce prevaporization of liquid propellant at the reservoir. Once the process 
is completed, the metering valve was opened to its minimum level and 
followed by opening of the shut off valve. The propellant flows from the 
reservoir to the thruster inlet due to the pressure difference between the 
atmosphere and vacuum.   
5.2.2.3  Observation 
From the visualization of the feed line, we observed that the propellant 
flow rate was too high even at the minimum opening level of metering valve. 
And there were series of bubble flow in the propellant feed line from the outlet 
of metering valve to the inlet. The possible reason for bubbles in the propellant 
feed line can be explained as: In the experimental rig, the vacuum pressure 
acts inside the propellant feed line till the micro-metering valve through 
thruster nozzle exit. Thus, it may cause pre-vaporization of the liquid 
propellant in the feed line.  In addition there may be cavitation effect at the 
micro-metering valve due to the pressure difference, since metering valve acts 
as an orifice. And it is difficult to estimate the propellant flow rate with 
respect to time, since the bubble formation in the propellant feed line is not 
uniform and pressure inside the chamber changes too as reported earlier in 
[18].  
Hence, this method of keeping propellant reservoir outside and using 
metering valve for reducing the propellant flow rate seems to be impossible to 
carry out the real time vacuum testing of the liquid micropropulsion system. 
Over all, this kind of experimental set up does not simulate the real condition, 
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since the propellant tank and pump has to be exposed to vacuum environment 
in space.  
5.2.3  Method -2 
 From the previous experimental setup, we observed that it is necessary 
to have tank and pump placed inside the chamber to simulate the real space 
condition. Muller et al [18] utilized a cylindrical tank to store the liquid 
propellant and a high pressure gas was used to expel the fluid from the 
propellant tank to the thruster. They observed that that the propellant mass 
flow rate was changing frequently during the thrust measurement.  Since it is a 
pressure driven propellant flow the change in pressure in the vacuum chamber 
may have caused the variation of propellant flow rate in the system. This is not 
a desired attribute, since the performance of the thruster will reduce if the 
mass flow rate of propellant changes during thruster operation. 
 Due to the above mentioned issues, we tried the new way of using 
micropump for delivering the liquid propellant from the reservoir to the 
thruster. The micropump will be placed inside the vacuum chamber for 
performance testing of thruster. The schematic view of experimental set up 
and experimental rig are shown in figure 5.2 and figure 5.3 respectively. The 
propellant feed line from the reservoir (syringe) to the pump is connected by 
valve 1 and similarly valve 2 connects the pump and the device. A 
programmed microcontroller is used for actuation of valves and pump in 
synchronize. 
5.2.3.1 Testing Approach 
 The operation sequence of testing is carried out in the following 
manner. As described before the syringe is used as reservoir for the storage of 
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liquid propellant in the current rig too. After loading the propellant in the 
reservoir, it will be integrated with the feed line. After integration, priming is 
done to remove the air bubbles in the propellant feed line. Thus a small 
quantity of liquid propellant is consumed during priming process. This process 
is carried out in ambient condition. Then the vacuuming is done by pumping 
the air at a slower rate with a vacuum pump. During vacuuming process the 
propellant is isolated from the vacuum by closing the valves. Once vacuuming 
is done, the program is switched on.  
 
Figure 5-2: Schematic view of experimental set up using micropump for 
propellant delivery 
Firstly, the valve 1 opens and pump withdraws the liquid propellant from the 
reservoir. The valve remains open till the pump chamber (internal volume: 250 
µl) is filled completely with propellant. Once the filling is completed, the 
valve 1 closes. Following that, the valve 2 opens and the pump dispenses the 
liquid propellant at the programmed propellant flow rate to the thruster. Once 
the volume of liquid propellant has been consumed, the pump stops and valve 
2 shuts off.  And these cycles repeat till the thruster operation and approximate 




Figure 5-3: Experimental view of experimental set up using micropump for 
propellant delivery 
5.2.3.2 Observation 
Though degassing of propellant is done and integrated with the feed 
line, there is still air trap in the propellant line. Hence priming is required and 
the pump is run for longer time at ambient condition to remove the air trap in 
the feed line. But, we found that since the internal volume of the pump is 
lesser, air trap inside it does not get fully removed.  The system consumes 
more propellant for priming process.  This effect was a major concern in this 
type of system.   
Hence we proceeded with vacuuming the chamber even though there is 
small air trap in the internal volume of the pump. Then the program is 
switched on which executes the cycle described above. During the thruster 
operation, the visualization of the propellant flow in the feed line is done to 
understand the nature of flow to the thruster.  After the first cycle is complete 
to fill the propellant in the pump valve 1 shuts off and valve 2 opens for 
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dispensing the propellant to thruster, we observed series of bubbles in the feed 
line. It may be due to the sudden acting of vacuum pressure till the outlet till 
the outlet of valve 2 and due to the fast response time of valve opening which 
may induce low pressure in the feed line.  
Furthermore the bubble travels to the internal volume chamber of the 
pump and accumulates there for longer time. Thus, it seems very tough to 
remove the bubbles in the feed line even with running the pump for longer 
time. In addition the pump does not provide continuous supply of liquid 
propellant, since it has to be stopped to refill the chamber with the propellant. 
And with many valves the system complexity, weight and power consumption 
increases. Hence a simple system with continuous run mode is required for 
carrying out the attitude/orbit control of microspacecraft in real space 
environment.  
5.2.4 Method -3 
 With the experimental testing method described above, we decided to 
replace with the micropump with the syringe pump for delivering the 
propellant to the thruster. The reasons for choosing the syringe pump are: (a) it 
can provide continuous supply of liquid propellant to thruster. (b) Requires 
single valve to be integrated into the system, which reduces the system 
complexity. But there was difficulty in using the same syringe pump utilized 
for sea level testing, since it uses manual control. And in the present system, 
the pump has to be placed inside the chamber for propellant delivery to 
thruster. Hence a new pump with RS232 control (From Genie Plus) was used, 




 The experimental setup will be similar to one discussed in chapter 4 for 
sea level testing but with a minor changes.  Since the whole system has to 
experience the space condition, all the components must be leak proof to 
achieve the better performance. Figure 5.4 shows the liquid micropropulsion 
system placed in vacuum chamber for performance testing. The propulsion 
system has storage tank, syringe pump, feed line, pressure transducer, 
submicron filter, microsolenoid valve and the thruster. The propellant is pre-
filtered de-ionized water.  The 10 ml plastic syringe is used as the reservoir for 
storage of liquid propellant. The propellant feed line length has to as short as 
possible and all fittings are properly tightened. Failure to do so will result in 
air leak in the system. A female PEEK Luker adopter with vacuum tight fitting 
is used to connect the syringe outlet with the feed line as shown in as shown in 
the figure 5.4. 
 
Figure 5-4: Inner view of VLM setup in vacuum chamber 
The vacuum tight fitting is specially designed to provide air tight 
tubing connections under vacuum environment. It prevents the air leak both in 
the feed line and the propellant reservoir. Since the propulsion system 
performance depends on the whole components, an extreme care is taken to 
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prevent the air leak at any sub component in the system.  A Tee assembly 
PEEK (0.5 mm, inner hole) is used with a PEEK Adapter Assembly (1/8 NPT 
- 1/4-28) to connect the pressure transducer to the feed line as seen from the 
figure 5.4.  The fittings used in the system has inner hole of 0.5 mm  to match 
the feed line tubing inner diameter, so that there will be no effect of pressure 
drop due to mismatch in the feed line diameter.  The other end of feed line 
from the Tee assembly is connected to the microsolenoid valve with a filter in 
line. A 12 micron filter (MINSTAC 12 micron PEEK Safety Screen) is used to 
prevent the failure of the microsolenoid valve, due to contamination in the 
liquid propellant.  It is installed directly into the inlet of the valve.  The 
microsolenoid valve is sensitive to impurities, so it may fail or choke if 
impurities are present in the liquid propellant. If the valve fails, then the 
propulsion system is totally affected. Hence, a filter is needed even though a 
high quality propellant is used without impurities. The feed line is connected 
with filter unit using adapter (from Up Church) fittings.  Finally the feed line 
from the valve outlet is connected to the thruster inlet using solid PDMS 
substrate (see chapter 4). All of the system components including the filter and 
thruster should be thoroughly flushed with clean fluid prior to the assembly. 
This will remove loose debris and dust particles that exist in the components. 
The system is then assembled starting from the syringe pump, syringe flushing 
as each component is added. This process will remove contamination such as 
burrs from tubing, pieces of sealant (Teflon tape used in ‘T’ assembly for 




The complete experimental rig for performance testing of thruster at 
simulated space environment is shown in the figure 5.5. It consists of 
computer, DC power supply to provide power to thruster, ignition circuit 
(explained in chapter 4), valve control power supply with LEE spike and hold 
driver and Agilent data card for valve actuation which will be explained 
further in more detail, vacuum chamber with feed-throughs, vacuum pump, 
data acquisition for temperature, pressure and thrust measurement.  The Lee 
microsolenoid valve used in the system requires a voltage spike to actuate. 
The Spike and Hold Driver shown in figure 5.5 provides the proper waveform 
to safely drive the valve. It will apply the spike voltage and drop it to the 
required hold voltage to prevent the damage to valve due to overheating.  The 
Agilent data card is used to give the control signal of 5 vdc to actuate the 
valve. It is controlled by Labview code which will be explained in further 
section. The power required for operation of valve is explained below: 
 Control signal, 5 vdc TTL (Agilent data card used in the present 
sytem) 
 Hold voltage power supply, 3.5 vdc, 2 W minimum 





Figure 5-5: Experimental rig for testing propulsion system at simulated space 
condition. 
The feed-throughs used for  power supply to syringe pump, electrical 
connections to thruster, valve, RS 232 connection for pump control and 
thermocouple are shown in figure 5.6 (a). The vacuum chamber pressure after 
vacuuming process is shown in figure 5.6 (b).  
  
Figure 5-6: Experimental rig for testing propulsion system at simulated space 
condition. 
5.2.4.1 Testing Approach 
 The plastic syringe of volume 10 ml with de-ionized water is loaded 
and degassing is carried out by the second method as described in section 
5.2.2.1. After degassing, the syringe with loaded propellant is mounted on to 
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the syringe pump, followed by connection of the propellant feed line to the 
outlet of syringe by using vacuum tight adapter discussed before. Priming has 
to be carried out to remove the air trap in the propellant feed line. This is 
accomplished by running the pump for certain period of time. Approximately 
2.0 ml of liquid propellant is consumed for priming purpose. After priming is 
completed, the microsolenoid valve is shut off to isolate the propellant in the 
feed line and reservoir from the vacuum environment during vacuuming the 
chamber. Otherwise, it may cause pre-vaporization of liquid propellant in the 
feed line and in storage tank due to vacuum acting via nozzle exit to the 
reservoir through the propellant feed line. Furthermore, there will be 
propellant flow due to the pressure difference between the reservoir and 
vacuum at nozzle exit. Hence in-order to avoid both conditions, the valve has 
to be closed during vacuuming process.  It should be noted here that there will 
be liquid propellant in the feed line till the inlet of the valve due to the priming 
process carried out to remove the air in the tube. Then the chamber is fitted 
with the acrylic top cover and vacuumed at a slower pumping rate to remove 
the air. Slower rate ensures that there will be minimal interference to the 
sensor and to the components of the system.  Since the whole system operates 
in simulated space condition, a Labview program code was written to 
synchronize the system operation.    
Once the valve is opened for first test run, the liquid propellant in the 
feed line will be immediately exposed to vacuum via nozzle exit. Since there 
is a vacuum acting in the feed line up to the valve outlet and opening time is 
fast which may induce cavitation effect due to presence of propellant at inlet 
and vacuum at the outlet of the valve. Subsequently, series of bubbles (small 
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and larger) are visualized in the feed line which extends which extends up to 
the ‘T’ assembly. This phenomenon is experienced by the liquid propulsion 
system due to the use of liquid propellant as water. Thruster was run for a 
period of time approximately 600 s during which the bubbles are pushed out 
of the feed line.  
The propulsion system operates by preheating the thruster, followed by 
delivering the liquid propellant using the pump and opening the valve to pass 
the propellant through the thruster to produce the steam jet.  There will be 
presence of liquid propellant until the inlet of the valve as detailed before. The 
thruster has to be supplied with propellant in liquid phase to achieve the 
maximum efficiency. If the bubble travels inside the thruster an unstable thrust 
force will be produced (detailed in further section). Thus the valve opening 
has to be synchronized with the system in order to avoid pre-vaporization of 
propellant in the feed line. The valve was set to open after few seconds after 
the pump is switched on. So there will be liquid propellant with a high 
pressure at the inlet of the valve which may avoid the prevaporization of 
propellant. But too high time lag for opening of valve also lead to more 
propellant at inlet which will cool the thruster at a faster rate, thereby the 
vaporization may be incomplete leading to form low temperature jet at the 
exit. Subsequently this will further reduce the efficiency of the thruster. Hence 
experimental test runs are carried out and found that 2.0 s lag time of valve 
opening after the pump run was optimum to create a vapor jet without pre 
vaporization of liquid propellant at the valve inlet.  
The operation of propulsion system is summarized here. Figure 5.7 
shows the sequence of operation for the liquid micropropulsion system. After 
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vacuuming the chamber using high power vacuum pump a ball valve in the 
line which connects the pump to chamber is closed. 
 
Figure 5-7: Sequence for propulsion system operation 
The chamber is shut off from the pump in order to avoid the disturbance to the 
thrust measurement system. DC power supply is switched on and thruster is 
heated to the preheat temperature and maintained by PID temperature 
controller (for constant power mode operation refer chapter 4). Then the 
Labview code is executed. It switches on the pump and directs it to deliver the 
flow rate at a given input followed by opening the valve after 2.0 s.  The code 
utilizes the Agilent data card to send the signal for opening the valve. 
Temperature, pressure and thrust are measured simultaneously at a rate of 4 
Hz from the start up to shut down of the thruster.   When the code is stopped it 
first closes the valve followed by pump shut down. Again this is done to make 
sure that the liquid propellant in feed line is not exposed to vacuum during 
thruster shut down.  
5.2.4.2 Observation 
 The thruster was tested with a range of operating propellant flow rate 
at an applied heater power. Three propellant flow rates were chosen for the 
current study (1.2 mg/s, 1.5 mg/s and 1.7 mg/s). As said before, plastic syringe 
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with a storage volume of 10 ml is the reservoir for the liquid propellant.  The 
operation sequence discussed in the testing approach was followed to test the 
propulsion system. The data’s were obtained and plotted to analyze the 
performance of the system. 
5.2.4.2.1  Test runs with propellant flow rate of 1.2 mg/s 
 Figure 5.8 shows the test run conducted with power for the propellant 
flow rate of 1.2 mg/s. The thruster is preheated to a temperature of 180 ºC with 
the power supplied to reach the stable mode temperature of approximately 110 
ºC. The ignition control circuit maintains the thruster at the preheat 
temperature. The system is started by executing the Labview code. The pump 
runs and the valve open at a lag time of 2.0 s. As seen from figure 5.8 with 
heater power of 7.14 W, once the valve is opened there is sharp increase in 
thrust value associated with a drop in preheat temperature of 180 ºC to 110 ºC. 
This drop in temperature is due to cooling of thruster by the liquid propellant 
as it is vaporized (liquid propellant takes heat from the vaporization chamber 
to do the phase change process [liquid to gas]) in the vaporization/thrust 
chamber. The thrust curve reaches stable mode of approximately 10.0 s from 
the start up with delivering average thrust of 380 µN and pressure of 129.0 




Figure 5-8: Thrust, temperature and pressure curves (Propellant flow rate: 1.2 
mg/s; Heater power: 7.14 W) 
Though the temperature keeps dropping from startup until 100 s, the 
thrust curve is stable indicating that smooth vaporization of liquid propellant is 
sufficient to make thruster to operate in stable mode (SM).  At around 110 s, 
the thruster temperature rises approximately 20 º C associated with a sharp 
drop in thrust value from 390 µN to 150 µN.  The rise of temperature is for 
few seconds, followed by drop in value.  Meanwhile, the thrust curve rises to 
the same value and thruster continues to operate in stable mode till the valve is 
closed. The valve closure is followed by drop in thrust value and rise of 
thruster temperature to the set point temperature and ignition circuit takes 
control to maintain the thruster at the same set temperature for carrying out 
further tests.  
The thruster operation was visualized from the top and side view port 
of the vacuum chamber. This helps in understanding the nature of the 
propellant flow in the feed line of the system. As of water liquid 
micropropulsion system is concerned, the performance depends on all the 
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components used to build it. As said before, the rise in thruster temperature 
causes drop in thrust value.  This is due to an interesting phenomenon that 
happens during thruster operation.  We observe an elongated bubble 
approximately 0.5 to 1.0 cm in length emerges from the syringe outlet and 
travels in the feed line.  The length of the bubble mentioned here does not 
indicate the exact size since it was just visualized using naked eye. There were 
no measurements carried out to determine the bubble size due to the 
experimental difficulty involved.  Once the bubble enters the vaporization 
chamber, the heat energy absorbed by the bubble decreases dramatically when 
compared to the liquid and this is seen by the sharp increase in thruster 
temperature. Subsequently, at this instant there is an intermediate thruster shut 
down with the thrust value dropping to a lower one. The bubble in the 
chamber induces an empty jet at the nozzle exit and thus it shuts down the 
thruster for a period of time until the bubble is pushed out by the incoming 
propellant. The thruster starts operating again. This is shown by the decrease 
in thruster temperature which indicates that the liquid propellant has entered 
the chamber and it is vaporized by absorbing the heat energy from the 
chamber and thrust reaching to the same level. So the bubble produces an 
intermediate shut down during thruster operation.    
In the second test run, the heater power was increased and thruster was 
tested with the same preheat temperature.  Figure 5.9 shows the thruster 
operation with run time of 1250 s. As indicated in figure 5.9 there are 5 
regions where the intermediate shut off was observed within the run time and 
drop in thrust values are not equivalent.  The thrust drop is associated with the 
temperature rise, which is probably related to the bubble size that enters the 
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chamber. In region 2, thruster shuts off with thrust reaching to zero and we 
visualized an elongated bubble entering the chamber during this process. 
Region 3 shows a marginal increase in temperature associated with a small 
thrust drop which indicates that a smaller bubble enters the chamber and is 
visually observed too.  
 
Figure 5-9: Thrust, temperature and pressure curves (Propellant flow rate: 1.2 
mg/s; Heater power: 7.62 W) 
 Figure 5.10 shows the thruster operation at a heater power of 8.2 W with the 
preheat temperature is maintained as same that is employed for the first test 
run. The same phenomenon (thrust drop associated with increase in 
temperature) as explained in first test run happens at the start point of thruster 
and it operates in stable mode till the valve is shut off. The stable mode is 
arbitrarily chosen when temperature, pressure and thrust attain steady state 
from the start up. But as explained before, even though thruster temperature 
takes longer time (approximately 200 s) to reach stable mode, thrust reaches 
stable mode quicker (approximately 50 s) as seen from the figure. No bubble 
flow was seen in the propellant feed line and thruster runs at stable mode (SM) 
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and valve is valve shut off followed by drop in thrust value and increase in 
temperature.   
 
Figure 5-10: Thrust, temperature and pressure curves (Propellant flow rate: 1.2 
mg/s;  Heater power: 8.18 W) 
In the final test run as shown in the figure 5.11 with the input power of 
8.9 W, with the Labview code is executed, the thruster runs smoothly by 
reaching stable mode thrust at 6.0 s from the start up (valve opens). The 
temperature drops quickly indicating the propellant is vaporized and reaches 
stable mode at approximately 150.0 s. The inlet pressure measured is around 
130 kPa.  Thruster seems to work well till 600.0 s from the start up and a 
sudden increase in temperature is observed associated with drop in thrust 
value.  This phenomenon happens for few seconds and temperature drops 
down to the stable state associated with increase in thrust and operating in 
stable mode (SM). Thruster operates in stable mode for a period of time and 
the cycle repeats as shown in the figure.  The region 1 and 2 shows the 
intermediate thruster shut off due to the bubble flow. As previously said the 
drop in thrust value depends on the bubble length that occupies the chamber 
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for a period of time. Thus with the temperature and thrust value, an 
approximate estimation shows that in region 2 the bubble size may be little 
longer than compared to the bubble that enters the thruster in region 1. 
Furthermore, the thruster was shut off at around 1250 s to avoid the increase in 
vacuum chamber pressure which may have impact on nozzle performance.  
 
Figure 5-11: Thrust, temperature and pressure curves (Propellant flow rate: 1.2 
mg/s;  Heater power: 8.9 W) 
 
5.2.4.2.2 Test run with propellant flow rate of 1.5 mg/s 
 After the four test runs completed for 1.2 mg/s, we decided to see the 
performance of the system with a higher flow rate of 1.5 mg/s ( see figure 
5.12). Fewer test runs were conducted and we report the one test run carried 
out with a heater power of 10.8 W. The preheat temperature for this test run is 




Figure 5-12: Thrust, temperature and pressure curves (Propellant flow rate: 1.5 
mg/s; Heater power: 10.84 W). 
 
There is sharp increase in thrust from 0 µN to 600 µN associated with 
temperature drop from 180 ºC to 160 ºC. There is an interesting phenomenon 
that happens at nearly 500 s from the thruster start up. There is a sharp 
increase in temperature (≈ 20 ºC) associated with a sharp thrust drop (≈ 0 µN). 
And temperature decreases to the same steady value (≈ 165 ºC) and thrust rises 
to same value (≈ 600 µN). This is probably due to two elongated bubbles with 
a small liquid propellant separating entering the chamber. As seen, the 
temperature remains in steady state of (≈ 180 ºC) and thrust continues to rise. 
Thruster takes approximately 500 s to reach stable mode after the bubble has 
been pushed out. After the bubbles are pushed out the liquid propellant 
continuously passes through the chamber and in this test, we noticed that 
thruster takes longer time to reach stable mode.  It is still unclear why the 
temperature was stable at a higher temperature region for a period of time and 
thrust continues to increase till the point where the temperature starts to drop 
(which indicates that liquid water enters the chamber there by cooling the 
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thruster). Once the vaporization is complete the temperature, pressure and 
thrust remains constant (from 1000.0 s to 1700.0 s) until the valve is closed to 
shut down the thruster.  
 
5.2.4.2.3  Test run with propellant flow rate of 1.7 mg/s 
 Finally the thruster is tested with a propellant flow rate of 1.7 mg/s to 
understand the thruster operation with higher propellant flow rate. With the 
increase in flow rate the propellant pressure increases and there may be chance 
of reduction of bubbles formation. The figure 5.13 shows that thruster 
operation at a heater power of 10.7 W, with a preheat temperature of 180 ºC. 
As discussed before thruster temperature drops gradually and thrust reaches 
peak value at roughly 10 s from the start up. The pressure remains stead at a 
value of 140.0 kPa.  We found no bubbles in the feed line and thruster 
operation was smooth with a perfect jet flow at nozzle exit.  
 
Figure 5-13: Thrust, temperature and pressure curves (Propellant flow rate: 1.7 
mg/s; Heater power: 10.70 W). 
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Figure 5.14 shows the last test run carried out with the heater power of 13.1 
W. The preheat temperature was 190 ºC since the propellant rate was high and 
thruster stable mode temperature was approximately 190 ºC.  The thruster 
operation is smooth till 600 s with a small rise in temperature associated with a 
small drop in thrust value.  This is probably due to small bubble entering the 
chamber and pushed out. Hence the temperature rise is minimal.  
Subsequently thruster operates smoothly for few seconds. Then there is a rapid 
change in temperature as seen from the figure at around 700 s associated with 
a rapid drop in thrust value. This case is due to the elongated bubble which 
occupies the whole chamber. Hence temperature increases drastically with 
severe drop in thrust.  After the bubble is pushed thruster operates 
continuously till the valve is shut off.  
 
 
Figure 5-14: Thrust, temperature and pressure curves (Propellant flow rate: 1.7 
mg/s; Heater power: 13.17 W) 
5.2.4.2.4 Sources for bubble formation 
 The liquid propellant in the propulsion system is stored in the plastic 
syringe having storage volume of 10 ml. The observation of the syringe 
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indicates that within certain time of thruster operation, there are bubbles 
emerging out from the outlet of the syringe. The bubble size varies from small 
one to elongated lengths. And once the bubble is injected into the vaporization 
chamber the temperature increases, since the bubble cannot absorb the heat 
supplied by the heater. At the same instance, there will be no water vapor jet 
from the nozzle exit. Thus the thrust force drops as seen in the figures 5.8 to 
5.14.  Once the bubbles are ejected, continuous flow of pure liquid propellant 
enters the chamber and it cools down the thruster. Therefore the temperature 
drops and since vapor/steam jet is produced, thrust increases. Hence thruster 
operates in stable mode till the valve is closed. We further noticed small 
bubbles do not affect the thruster performance compared to elongated bubbles.  
In the system, a ‘T’ assembly is used to connect the pressure 
transducer with the feed line as shown in the figure 5.15. From the visual 
observation we found that a series of small bubbles entering the ‘T’ assembly 
will emerge out as longer bubbles. These longer bubbles will have an adverse 
effect on the thruster performance than the smaller ones. The main reason for 
the bubble formation was due to the propellant storage in plastic syringe.  It 
does not provide complete seal off to liquid propellant in the vacuum 
conditions. Plastic syringe is efficient for storing propellant at atmospheric 
testing. In vacuum pressure conditions, probably the seal in the piston of the 
syringe either shrinks or reduces in dimension, thus giving way for bubble 
formation. So we draw to a conclusion that plastic syringe does not suit for 




Figure 5-15: ‘T’ assembly for connecting pressure transducer 
5.2.5 Method -4 
 A new method has to be established to avoid the bubble formation in 
the syringe, so that it will significantly increase the performance of the liquid 
micropropulsion system. Hence a new type of air tight glass syringe (From 
Exmire) having storage volume of 10 ml is employed to prevent the formation 
of bubbles during thruster operation. The plunger syringe has a Teflon tip at 
the piston end and manufactured with high precision. Therefore, it provides 
complete seal for the liquid propellant from the vacuum environment.  
 
Figure 5-16: Propulsion system with glass syringe as the propellant reservoir 
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Figure 5.16 and 5.17 shows the propulsion system using glass syringe as the 
reservoir and side view port to visualize the propellant flow in the feed line.  
 
 
Figure 5-17: Side view-port  
5.2.5.1.1 Constant Power Mode Operation 
 After replacing with glass syringe, fewer test runs were conducted to 
check the performance of the system. The bubbles were eliminated with use of 
glass syringe and thruster operates smoothly till the valve was shut off.  The 
experimental rig of the propulsion system is shown in figure 5.17.  
Experimental test runs were conducted to analyze the performance of the 
system at constant power mode operation. Vaporization test (see section of 
chapter 4) has to be done prior to the thrust measurement method to find the 
stable mode temperature of thruster. The propulsion system operational 
sequence and measurement is detailed in the previous section and same is 
utilized here. The propellant flow rates (1.2 mg/s, 1.5 mg/s and 1.7 mg/s) used 
to test the system described in method 3 was utilized here to test the 
performance of the system. As explained earlier, preheating plays a major role 




Figure 5-18: Thrust, temperature, pressure and valve status curves (Propellant 
flow rate: 1.2 mg/s, Preheat temperature: 180.0 °C, Heater power: 7.02 W). 
 
Figure 5-19: Thrust, temperature, pressure and valve status curves. (Propellant 
flow rate: 1.2 mg/s, Preheat temperature: 180.0 °C, Heater power: 10.65 W) 
The thruster is tested with a propellant flow rate of 1.2 mg/s with a 
heater power of 7.0 W to 11.0 W.  Thrust, temperature, pressure and valve 
opening are recorded from thruster start up to shut down.  Figure 5.19 and 
5.20 shows the two test runs and others are shown in Appendix E, F and G. 
From the figure 5.19, it is inferred that at 7.0 W input heater power, the 
thruster takes approximately 100 s to reach stable mode (thrust value to reach). 
In the second case at 11.0 W power, thruster took approximately 6.0 s to reach 
 108 
 
stable mode operation. By comparing the two sample test runs, the jet 
temperature was 120 ºC for previous and 190 ºC for the later one. Hence at 
higher heater power the vaporization of propellant is fast and smooth even 
though thruster is preheated to a higher temperature for both test runs.  From 
the figures shown in appendix E, F and G, with the increase of power, the jet 
temperature increases and enables the thruster in achieving the stable mode 
faster. This is attributed due to lower heater power the vaporization takes more 
time than at higher power. In addition at higher heater power with the same 
preheat temperature the ignition circuit helps in achieving the vaporization 
faster and smooth during thruster operation. 
5.2.5.1.2 Constant Temperature Mode Operation 
 Four propellant flow rates (1.2, 1.5, 1.7 and 2.0 mg/s) are considered 
for the performance study. Two test runs are shown here for comparison with 
constant power mode operation. The other test runs are presented in appendix 
H, I, J and K. The performance of the thruster was tested by maintaining the 
temperature constant during its operation. Once the valve is opened, there is 
sharp increase in inlet pressure, thrust and a drop in the temperature. The drop 
in temperature is due to cooling of thruster by the liquid propellant. The 
temperature drop is only for a short duration as the temperature controller 
brings the thruster to the set point temperature due to the extra power/voltage 
applied. This enables the thruster to operate in constant temperature mode 
operation. The thruster reaches stable mode operation within 6.0 s from the 
start up as seen from the figure 5.2. The stable mode shown in the figure is 
taken arbitrarily when thrust, temperature and pressure reach steady state from 





Figure 5-20: Thrust, temperature, pressure and valve status curves (Thrust: 
352.11 μN, Inlet pressure: 131.92 kPa, Temperature: 116.36 °C, Propellant 





Figure 5-21: Thrust, temperature, pressure and valve status curves (Thrust: 
514.33 μN, Inlet pressure: 134.88 kPa, Temperature: 194.18 °C, Propellant 
flow rate: 1.2 mg/s, Preheat temperature: 190.0 °C). 
By comparing the thruster operation at constant power for jet temperature of 
120 ºC (figure  5.18 ) and at constant temperature of 120 ºC (figure 5.20) it is 
 110 
 
found that thruster reaches stable mode operation very fast ( 6 s when 
compared to 100 s) during operation at constant temperature. Thus it is very 
prominent to operate thruster at constant temperature mode in order for the 
thrust to reach stable mode quicker. This is due to the fact that ignition circuit 
brings the thruster temperature to stable mode quicker thus forming the 
superheated steam jet faster and thereby thrust reaching stable mode operation 
quicker.  
5.2.5.1.3 Variation of Thrust with Power 
 Figure 5.22 shows the variation of average thrust for the propellant 
flow rates with the applied power. The stable mode operation is arbitrarily 
defined when temperature, pressure and thrust reach steady state from the 
thruster start up. The average values presented here is the average of three test 
runs conducted for each test point chosen for study. The average values for 





Figure 5-22: Variation of Thrust with heater power 
As seen from the figure, thrust increases with the applied heater power for all 
the propellant flow rates as seen from figure 5.22. The following facts are 
revealed from the figure 5.22: (a) The crossover of thrust values occurs at a 
heater power of 10.6 W. (b) At lower heater power, the lower propellant flow 
rate (1.2 mg/s) produces more thrust than the higher propellant rates (1.5 mg/s 
& 1.7 mg/s). This is due to better vaporization of liquid propellant for lower 
propellant flow rate, which results in higher exit vapor velocity. It can be 
verified from figure which shows the variation of jet temperature with heater 
power for the propellant flow rates. The jet temperature at lower power is 
higher for lower propellant rate as seen from the graph in figure 5.22. This is 
due to higher propellant flow rate cools the thruster than the lower propellant 
flow rate at lower heater power.  So below the cross over point, the thrust is 
influenced by the exit vapor velocity of the jet. Above cross over point, higher 
propellant rate produces more thrust than the lower propellant rate. The thrust 
in this region is influenced by the mass flow rate of the propellant. Thrust 
produced varies from 270 µN to 700 µN with the heater power 7 W to 13 W. 
Thrust to power ratio calculation is extremely important since the spacecraft is 
limited with power availability. A maximum thrust of 715 µN is produced 
with the input power of 12.8 W, which gives 55.46 µN /W. 
5.2.5.1.4 Variation of Thrust and Pressure with Temperature  
 Figure 5.23 shows the variation of average values of thrust, pressure 
with VLM temperature for the four different liquid propellant flow rates 
respectively. The average values presented here are obtained for 20 s during 
stable mode operation (SM). Again the average of thrust and pressure 
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presented here is the average of three test runs carried out. The following facts 
are revealed from the figure 5.23: (a) the increase in thruster temperature 
results in higher thrust for the same propellant flow rate. The nozzle is deigned 
to choke and operate in supersonic region at vacuum environment. Hence, 
from the one dimensional approximation, the thrust produced is given by the 
product of propellant flow rate and exit vapor velocity of the jet [39]. The 
vapor attains more energy at higher VLM temperature, resulting in a higher 
exit vapor velocity. Furthermore, higher vapor temperature results in higher 
saturation vapor pressure as shown in which facilitates easier fabrication the 
figure 5.23. Higher exit vapor velocity and higher saturation vapor pressure 
results in higher thrust for the same propellant rate with thruster temperature. 
(b) As expected higher propellant rate at same VLM temperature produces 
higher thrust. Furthermore, the inlet pressure increases with thruster 
temperature, since higher vapor temperature corresponds to higher saturation 
vapor pressure for the same propellant flow rate. Thrust produced varies from 
300 µN to 1000 µN with the inlet pressure of 1.3 to 1.5 bar at temperature of 
120 ºC to 210 ºC for the propellant flow rate varied from 1.2 to 2.0 mg/s 
respectively.  A maximum thrust of 960 µN is produced at a propellant flow 





Figure 5-23: Variation of average thrust and pressure with VLM temperature 
for the propellant flow rates. 
(a) Thrust, 1.2 mg/s (e) Pressure, 1.2 mg/s 
(b) Thrust, 1.5 mg/s (f) Pressure, 1.5 mg/s 
(c) Thrust, 1.7 mg/s (g) Pressure, 1.7 mg/s 
(d) Thrust, 2.0 mg/s (h) Pressure, 2.0 mg/s 
5.2.5.1.5 Variation of Specific Impulse with Temperature 
 The specific impulse defined in chapter 3 is an important parameter to 
evaluate the thruster performance. The variation of specific impulse with 
propellant flow rate is shown in figure 5.24. From the one dimensional nozzle 
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………………5.1 
As is known, for the lower propellant flow rate, the inlet pressure developed 
will be lower. Thus, it produces lower specific impulse. On the other hand if 
the propellant flow is high, then the inlet pressure is too high, but the jet 
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temperature will be low resulting in lower specific impulse. From figure 5.24, 
it was observed that initially the specific impulse increases and then reduces 
with the increase of propellant flow rate showing a peak at certain flow 
condition and it is in line with[19, 17]. A maximum specific impulse of ≈ 50 s 
is produced by the thruster for the propellant flow rate of 1.5 mg/s at a thruster 
temperature of 190 ºC. 
 
Figure 5-24: Variation of specific impulse with propellant flow rate 
5.2.5.1.6 Variation of Total Impulse with Temperature 
 The total impulse is the product of constant thrust during stable mode 
operation with the runtime of thruster [39]. Since thruster can run continuously 
till the valve is closed, we considered five different runtimes (valve opening) 
for calculating total impulse or impulse bit. Figure 5.25 shows the variation of 
impulse with temperature for the propellant flow rates considered in this study. 
The following facts are summarized from the figure 5.25. The impulse 
increases with the valve opening time with the same temperature for the 
propellant flow rates.  The impulse increases with temperature for the same 
valve opening time for the propellant flow rates. With the increase of 
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propellant flow rate, impulse will be higher. A minimum impulse of 1.76 mNs 
and a maximum of 96.0 mNs were measured for the propellant flow rates of 
1.2 mg/s and 2.0 mg/s at temperature of 120 °C and 210 °C respectively.  
 
Figure 5-25: Variation of stable mode impulse with temperature [(a) 1.2 mg/s , 
(b) 1.5 mg/s, (c) 1.7 mg/s, (d) 2.0 mg/s] 
From Table 1.2 (Chapter 1), the impulse required for slewing (turning 180 º) 
50 kg spacecraft with a thruster firing time of 300 s is 65 mNs. The measured 
impulse for 100 s is 96.0 mNs. Hence the thruster can meet the required 
demand even with a less firing time which indicates that it consumes less 
propellant, thereby increasing the efficiency of the system. 
5.3 Testing at Different Back Pressure Conditions 
 The thruster is designed to operate at supersonic condition in vacuum 
environment. Tests are done with a liquid propellant flow rate of 1.2 mg/s to 
study the performance of VLM at different back pressure conditions. Figure 
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4.25 and figure 4.26 shows the comparison of thrust curves at different back 
pressures and the variation of average values of thrust with different back 
pressure conditions. Thrust value increases from 39.27 μN to 592.99 μN with 
decrease in back pressure from 1×10
5
 Pa to 50 Pa. Higher thrust is produced in 
near vacuum conditions. Thus it is proved that nozzle operates in supersonic 
region at vacuum environment. Thrust produced is very low at is probably due 
to nozzle operating in supersonic region and it is the same as reported by[30]. 
 
Figure 5-26: Comparision of thrust curves at different backpressure pressure 
conditions 
 
Figure 5-27: Variation of thrust values with back pressure 
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5.4 Chapter Summary 
 This chapter details the system design, assembly and performance 
testing of thruster at vacuum space environment. 
 In the first method the propellant reservoir was kept outside and a 
micro-metering valve was used to regulate the propellant flow to the 
thruster. But this kind of system does not simulate the real one since 
the propellant tank will be exposed to space environment in space 
conditions.  
 In the second method a micropump placed inside the vacuum 
chamber was utilized to deliver the propellant to thruster. Again this 
pump cannot provide continuous supply of propellant to thruster. The 
system needs many valves which increase the complexity and power 
consumption. In addition priming is required for longer time to 
remove the air trap in the feed line. Hence this kind of experimental 
rig does not give good performance to the system.  
 In the third method syringe pump was used to supply the propellant to 
thruster. It has the merits of continuous propellant delivery to 
thruster. The system was assembled with vacuum tight components to 
avoid any kind of air leak in the system. The propellant is stored in 
plastic syringe and tests were carried out. An air leak was found in 
the syringe during thruster operation. The bubbles were ejected from 
the syringe and bubble flow provides intermediate shut off of the 
thruster.  
 In the final method an air tight glass syringe was used for storing 
propellant. The system performance improved in a great way and 
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almost no bubbles were seen in feed line during thruster operation. 
Labview code was developed to synchronize the propulsion system. 
Thruster was tested at both operational modes (constant power and 
temperature). The thruster produces variable thrust in the range of 
270 µN to 700 µN with the heater power 7 W to 13 W with the 
propellant flow rate of 1.2 to 1.7 mg/s. And in constant temperature 
mode operation a variable thrust of 300 µN to 1000 µN was produced 
with thruster temperature of 120 ºC to 210 ºC for the propellant flow 
rate of 1.2 to 2.0 mg/s. Furthermore thruster reaches stable mode 
operation at 6 s from the start up. This is the first report where the 
time taken for stable mode was only 6.0 s. Specific impulse of 50 s 
was measured. A maximum thrust of 715 µN is measured for the 




CHAPTER 6 Pulsed Mode Operation of 
Liquid Propellant Thruster 
6.1 Introduction 
 Attitude control is the change in the orientation of spacecraft and 
keeping the spacecraft to the desired direction by adjusting the torques. As 
described in the chapter 1, pulse mode operation of thruster is required for 
microspacecraft attitude control. In the previous chapters 3 and 4, the 
experimental rig with the ignition circuit designed and constructed for 
continuous runtime with stable mode at the quickest time from the start point. 
The ignition circuit enables the thruster to reach stable mode at its fastest time 
as explained in chapter 4 and 5. The previous works reported are on the 
average thrust produced by thruster for respective power and temperature 
conditions [12, 13, 14, 17 and 19]. The solid propellant microthruster can only 
provide a ‘single-shot’ thrust from each microthruster element [6].  On the 
other hand, liquid propellant microthruster is able to provide both continuous 
and ‘single-shot’ thrusts. Liquid microthruster further provides the flexibility 
of an adjustable thrust output. The present work is the first time report on 





6.2 Experimental Setup and Operational Method 
 The experimental rig described in chapter 5 was used for 
characterization of thruster during pulsed mode operation. The Labview code 
developed for testing continuous runtime operation is modified to test the 
pulsed operational mode. Figure 6.1 shows the operation sequence for pulsed 
mode operation. The valve opening time is pre-set before running the 
propulsion system. The code shuts off the propulsion system after the valve 
closure. The pre-set up conditions for carrying out the experiment is same as 
described in Chapter 5. 
 
Figure 6-1: Operation sequence for pulsed mode. 
6.3 Results and Discussion 
 The pulsed mode operation was tested with a sample test run to ensure 
that system operation. Figure 6.2 shows the thrust, temperature, pressure and 
valve status data curves for a propellant flow rate of 1.5 mg/s at a thruster 
preheated temperature of 150 °C. The pump is actuated first, followed by 
opening of micro valve after 2.0 s as detailed in Chapter 5. This ensures the 
maximum amount of liquid propellant enters the thruster (see Chapter 5 for 
more detail). The valve status is represented as 0 for closing and 1 for opening. 
It can be seen from figure 6.2, once the valve is opened, the preheated 
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temperature of the thruster is reduced and thrust rises immediately. The drop 
in thruster temperature is due to water being introduced into the vaporization 
chamber and vaporized to form steam jet. Hence, it cools the thruster till the 
valve is open (opening time: 7.0 s).  The inlet pressure measured is almost 
constant, since thruster runs for very short time of 7.0 s. Once the valve shuts 
off after 7.0 s, the temperature increases and reaches the preheated value of 
150 ºC. Subsequently, thrust drops rapidly and reaches zero value within a 
short span of time. There is a residual thrust created for a time period of 20 s 
even after valve shut off which will be explained in further section.   
 
Figure 6-2: Variation of thrust, temperature, pressure with thruster runtime 
(Propellant flow rate 1.5 mg/s; preheated temperature: 150 ºC) 
6.3.1 Effect of Valve Opening Time on the Thrust Force 
 In real time attitude control of microspacecraft, thruster has to be fired 
for very short impulse bits. This can be achieved by the precise control of 
valve time with the Labview code developed for the propulsion system. The 
valve opening times considered for the present experimental study are 100 ms, 
200 ms, 600 ms, 1.0 s and 5.0 s respectively. Figure 6.3 represents the thruster 
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operation test points of the variation of thrust force with five different valve 
opening times. 
 
Figure 6-3: Thrust variation with runtime (Propellant flow rate 1.2 mg/s; 
Preheated temperature: 160 ºC, Valve opening time: 100 ms) 
Two liquid propellant flow rates (1.2 mg/s and 1.5 mg/s) are considered for 
testing the pulse mode operation of VLM at a preheated temperature of 160 
ºC. Figure 6.3 and 6.4 shows the comparison of thrust curves for both 
propellant flow rates at different valve opening times. As expected, the peak 
thrust value increases with the increase in valve opening time for both flow 
rates. The peak thrust value changes from 200 µN to 450 µN and from 220 µN 
to 550 µN for lower and higher propellant flow rates respectively. The total 
impulse measured for 1.2 mg/s varies from 1.84×10
-3
 N.s to 3.5 ×10
-3
 N.s and 
for 1.5 mg/s varies from 1.58 ×10
-3
  N.s to 2.9 ×10
-3
  N.s with valve opening 




Figure 6-4: Comparison of thrust curves with different valve opening time 
(Propellant flow Rate: 1.2 mg/s; Preheated temperature: 160 ºC) 
 
 
Figure 6-5: Comparison of thrust curves with different valve opening time 
(Propellant flow Rate: 1.5 mg/s, Preheated temperature: 160 ºC). 
6.3.2 Comparison of Total Impulse for Propellant Flow Rates 
 Figure 6.6 shows the comparison of thrust variation of propellant flow 
rates with two valves opening times at preheated VLM temperature of 160 ºC. 
As seen from the figure 6.6, the peak thrust increases from 450 µN to 500 µN 
with the increase in propellant flow rate for valve opening time of 5 s. 
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Similarly for the valve opening time of 300 ms the peak thrust increases from 
270 µN to 300 µN. Hence with the same valve opening time and with different 
flow rates the thrust produced will be changed. 
 
Figure 6-6: Comparison of thrust curves with two valve opening times for the 
propellant flow rates. 
6.3.3 Repeatability of the Measurements 
 
Figure 6-7: Repeatability of the thrust measurements 
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 Figure 6.7 shows the thrust measurement results for two different flow 
rates with 2 firings. The impulse measured for 1.2 mg/s with valve opening 
time of 100 ms in the first and second test are 3.49×10
-3
 N.s and 3.68×10
-3
 N.s 





 N.s with valve opening time of 1.0 s. The results are within the 
experimental uncertainty and establish the repeatability of the measurements. 
6.3.4 Dribble Volume Effect in liquid micropropulsion system 
 In liquid rocket propulsion system, the liquid propellant was atomized 
by injector and injected into the chamber and burned to form hot gas in the 
thruster chamber. Then, the hot gas from the chamber was accelerated and 
ejected at a high velocity to create a thrust force. When the main valve was 
closed, there will be a formation of residual propellant between the valve seat 
and the exit of injector hole. This residual propellant was called as ’dribble 
volume’. The residual propellant results in afterburning and that gives a little 
’cutoff’ thrust after valve closure [35]. The thrust delivered during this time 
was usually called as ’cut off impulse’ [40]. In the real time practical 
application for attitude or orbit control of microspacecraft, the liquid 
propellant microthruster has to be shut down after firing for the required thrust 
demand or the short impulse bit. The thruster shut down is done by closing the 
micro-solenoid valve used in the system. Once the valve is closed, there will 
be small amounts of liquid propellant trapped in the propellant feed line 
between the valve and the vaporization chamber of the thruster. The residual 
liquid propellant is referred to as ‘dribble volume’ as described in previous 
section.  Figure 6.8 shows the schematic view of the propellant feed line 




Figure 6-8: Schematic view showing the feed line. 
The micro-solenoid valve could not be mounted near to the VLM due to the 
following factors: As detailed in Chapter 1, that the VLM is an electrothermal 
thruster, therefore it induces thermal effects on the surrounding devices. The 
thermal effects may cause premature failure of valve.  In addition the 
boundary layer will not scale down as compared to the macro scale thruster. 
Therefore, it creates the backflow during thruster operation. The back flow 
also induces premature failure of valve. Considering the both factors and a 
visual observation was done on back flow during thruster operation to predict 
the feed line length required from valve to thruster. In the present study, the 
feed line length used from valve to VLM inlet was around 5 cm. This will lead 
to a ’dribble volume’ and hence thruster takes certain time for emptying the 
residual propellants in the tube after the valve closure. 
 Muller et al reported the same phenomenon for VLM in their study 
[18]. The dribble volume effect can be reduced by mounting the microvalve 
near to the VLM inlet. But there were concerns about thermal effects and the 
back flow of the propellant on the valve as described above. Figure 6.4 and 6.5 
shows the emptying out process after the valve closure for all test cases. 
Figure 6.9 shows the residual thrust produced by dribble volume effect after 
the valve shut off for the both liquid propellant flow rates. The rise in thrust is 
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approximately for 10 s before reaching thrust level of zero for the propellant 
flow rate of 1.2 mg/s as shown in the figure 6.9. This residual thrust leads to a 
poor impulse bit performance in attitude control of microsatellites. 
 
Figure 6-9: Dribble volume effect 
6.4 Chapter Summary 
 This chapter details the pulsed mode operation for the attitude control 
of microspacecraft. A Lab view program code is developed to generate the 
pulse for micro-solenoid valve to create the impulse bits. The total impulse 
measured for 1.2 mg/s varies from 1.84×10
-3
 N.s to 3.5×10
-3
  N.s and for 1.5 
mg/s varies from 1.58×10
-3
  N.s to 2.9×10
-3
 N.s with valve opening time from 
100 ms to 5.0 s. A peak thrust value of 200 µN to 450 µN and 220 µN to 550 
µN are produced for lower and higher propellant flow rates respectively. 
Finally the dribble volume effect is discussed and the methods to reduce the 
effect are detailed. 
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CHAPTER 7  Conclusions and Future 
Work 
7.1 Summary of the Research 
 In Chapter 3, Low Temperature Co-fired Ceramic material is used first 
time to fabricate the vaporizing liquid microthruster. The design consists of 
circular inlet to facilitate easier connection to the feed line thereby preventing 
the propellant leakage, vaporization chamber with a single side heater and in-
plane nozzle which facilitates easier fabrication. The working life of liquid 
propellant thruster is a great concern since it has to be restarted for number of 
times tor carrying out the specified operation. Hence the internal heater was 
isolated from the vaporization chamber thereby improving the working life of 
VLM. The fabrication uses overlapping punching technique to get smoother 
walls for vaporization chamber and convergent-divergent nozzle. This ensures 
smooth fluid flow in the thruster. In addition, low pressure lamination method 
is used in fabrication to avoid deformations of the channel. The fabrication 
process is very much simple when compared to silicon technology.  
In Chapter 4, the system design, assembly and performance testing at 
sea level are detailed. An ignition circuit was developed for preheating the 
vaporization chamber and making the thruster to reach stable mode operation 
quicker from its start up. Preheating facilitates the vaporization of incoming 
propellant and creates smoother superheated steam jet flow. The ignition 
circuitry is formed by the closed loop with power supply, PID temperature 
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controller, solid state relay and VLM. Water was used as liquid propellant. 
Performance tests were done on 220 µm × 200 µm thruster with constant 
power and constant temperature modes. The result shows that in constant 
power mode thruster takes 150 to 200 s approximately to reach stable mode 
operation. The measured thrust and specific impulse are of lower value since 
the jet is subsonic in the divergent part of the nozzle. The nozzle is not choked 
in sea level test. At higher power testing the temperature was unstable due to 
flow boiling phenomenon. So, constant temperature mode test was carried out 
and the results were promising. Thruster reaches stable mode at approximately 
100 s from the start up. Thrust measurements were carried out with varying 
thruster temperature and running the system. Similarly performance test was 
done on 220 µm × 300 µm thruster with constant temperature mode. Finally 
the two thrusters are compared and found that 220 µm × 200 µm works more 
efficient than the 220 µm × 300 µm thruster.  
In Chapter 5, the experimental methods are designed and constructed 
to evaluate the performance of liquid propellant thruster in space environment. 
A specially designed vacuum chamber was used to create the space 
environment for testing the propulsion system. A new operational method for 
experimental testing of VLM system at vacuum conditions is proposed. A lab 
view program code is developed to synchronize the complete propulsion 
system. A maximum thrust of 960 µN is measured for a liquid propellant flow 
rate of 2.0 mg/s at constant temperature mode operation with a jet temperature 
of 210 ºC. VLM reaches stable mode operation faster in constant temperature 
mode rather than the power mode operation at lower jet temperature with 
lower heater power. At higher power thruster reaches stable mode at 6 s from 
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the startup which is same in constant temperature mode operation. This is the 
first report where the time taken for stable mode was only 6.0 s. This value is 
the best reported response time in the literature. VLM was made to run for 
1000 s for some tests to prove the feasibility of generating a stable mode thrust 
for longer time. The performance study of VLM at constant power mode is 
made. A maximum specific impulse of 50 s was measured for a propellant 
flow rate of 2 mg/s at jet temperature of 210 ºC. A maximum thrust of 715 µN 
is measured for the input power of 12.8 W, which gives thrust to power ratio 
of 55.46 mN /W.  
In Chapter 6, Pulsed mode operation of Vaporizing Liquid 
Microthruster was carried out. Pulsed mode operation is required for the 
attitude control of microsatellites. A Lab view program code is developed to 
generate the pulse (on/off) for micro-solenoid valve to create the impulse bits. 
The total impulse measured for 1.2 mg/s varies from 1.84×10-3 N.s to 3.5×10-
3  N.s and for 1.5 mg/s varies from 1.58×10-3  N.s to 2.9×10-3 N.s with valve 
opening time from 100 ms to 5.0 s. A peak thrust value of 200 µN to 450 µN 
and 220 µN to 550 µN are produced for lower and higher propellant flow rates 
respectively. The valve and the inlet are separated by the feed line having 
length of 5 cm which leads to storage of residual liquid propellant. Hence 
when the valve is closed the residual fluid is burnt and it creates the residual 
thrust.  Finally the dribble volume effect is discussed and the methods to 
reduce the effect are detailed. 
Table 7-1 shows the overall performance comparison of the previous 
studies and the present work carried out on thruster at vacuum environment. 
This work has made a possible attempt to study the real time thruster operation 
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with constant power and temperature mode shown in the table. Continuous 
and pulsed mode operation was achieved for first time. Pressure measured was 
in the range of 1.2 to 1.5 bar.  In addition a maximum thrust of 1000 µN was 
measured for propellant flow rate of 2.0 mg/s.   
Table 7-1: Comparison of previous works with the present work 
Parameters/Author(s) 
Muller et al. 
(NASA) [18] 




Thruster Material Silicon Silicon LTCC 
Nozzle type In-plane C-D In-plane C-D 
In-plane 
C-D 
Propellant flow rate 
(mg/s) 
0.1- 0.3 2.3-8.3 0.8  to 2.0  
Propellant feed 
mechanism 





 (° C) 
60 180-300 120- 210 
Pressure range (bar) 1.2 1-2.6 1.2 - 1.5 
Heater power (W) 1.2-1.5 Nil 5 – 11 
Thrust range (µN) 250 2300- 6300 50 - 1000 
Specific impulse (s) 50 - 100 50 - 100 50 
Mode of operation CP CT 
CP and 
CT 
Stable mode attained 
(s) 
480 (lasted for few 
seconds) 





Yes Nil Yes 
Continuous run mode Nil Nil 1000 s  
Pulsed mode 
operation 




7.2 Recommendations for Future Work 
• In the present design, a single heater placed at the bottom side of the 
vaporization chamber was used to heat the incoming liquid propellant to 
change gas. But it was inefficient for higher propellant flow rates and larger 
depth thrusters due to incomplete vaporization of liquid propellant. Hence, two 
heaters (top and bottom of vaporization chamber) have to be used for efficient 
and more uniform vaporization of liquid propellant. 
• Flow visualization study has to be carried out to get better 
understanding of the flow in the thruster. The vaporization process and steam 
jet visualization gives more insight into nature of the flow and thereby better 
designs can be made.  
• Residual thrust produced after valve shut off has to be reduced by 
employing shorter feed line length or by placing valve close to the thruster or 
using a second valve. 
• Numerical modeling has to be done to optimize the thruster design for 
further development. In addition it helps in understanding the nature of flow in 
the microthruster. 
• Syringe pump was used to deliver the liquid propellant to the thruster 
for system operation. The pump has to be replaced with a pressure feed 
propellant delivery method to reduce mass, size and power.  
• In the present study the jet force was measured and assumed as the 
thrust produced by VLM. Therefore a new thrust measurement system to 
measure thruster reaction force has to be developed to get more accurate thrust 
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The uncertainty in the independent measurements will be based on the accuracy of the 
instruments. The uncertainty in the derived quantities will be propagated using: 
 
where y is a function of independent variables x1, x2, ..., xn, ui is the uncertainty 
systematic/random uncertainty) in each of the variables [43]. 
Uncertainty in the Independent Measurements 
1. Temperature Measurements 
All the wire type ’T’ thermocouples are calibrated against the standard liquid-in-glass 
thermometer that has an accuracy of ±0.05 ºC by immersing them in a constant temperature 
water bath for temperatures below 100 ºC. The uncertainty in the temperature measurements 
using thermocouple is estimated as ±0.5 ºC. The equations of the calibration curves for the 
thermocouples are given in table 6.1. 
Table U.1: Equations of calibration curves of the thermocouples (y= actual temperature, ºC;  
x = measured temperature, ºC). 
Thermocouple Type Equation of Calibration curve 
 
T1 T y=0.984x + 0.0437 
T2 T y=0.992x + 0.054 
T3 T y=0.982x - 0.037 




2. Flow rate Measurement 
An empty beaker mass is found by using precision mass balance. The syringe pump is set at a 
flow rate and beaker is used to collect water for a time period of 100 s. Again thebeaker is 
weighed and mass of water is obtained. With known time and mass the flow rate is obtained. 
The calibration is carried out for the flow rate interested to the present study. Since two 
different syringe pumps are used calibration is done separately. Table 6.2 shows the 
calibration curves for the syringe pumps used in the present set up.  
 
Table U.2: Equations of calibration curves of the pumps 
KD Scientific syringe pump y=1.0081x  
Genie syringe pump y=1.052x-.0033 
 
3. Heater power measurement 
The uncertainty in measurement of voltage and resistance by using Fluke Multimeter is 
around 0.1 and 0.2 % respectively. Thus the measured power uncertainty is estimated to be 
around 0.2 %.  
 4. Feature Geometry 
The uncertainties in the nozzle geometry will have an effect on measured quantities. The 
vaporization chamber length, nozzle throat and exit width are measured using an optical 



































A cantilevered beam type micro-force sensor (AE 801, Sensor One Technologies Corp) is used 
to measure the thrust force produced by the VLM. The sensor consists of a very small, and 
fragile, silicone cantilevered beam with piezoresistive strain gages mounted to the fixed base of 
the cantilevered beam. So in our experiment, the actual strain output of the sensor is measured 




Where  is the strain of the strain gages and GF the Gage Factor is defined as shown in 
Equation above. The GF is precalibrated by the manufacturer and is 60 for the sensor module 
used.  
 
Using the classical mechanics theory, a formula is derived for cantilever type micro-force sensor 






Labview signalexpressTW2009 software is used for real time measurement of the thrust data. 
Figure B1 shows the calibration curve for the microforce sensor. The calibration is done by 
placing the known mass at the sensor tip and corresponding strain and the force is recorded. 
 
 





Figure C.1. Thrust and pressure curves (48.5 μN thrust, 7.7 W input power and 103.82 kPa inlet 
pressure, 130 °C temperature). 
 
Figure C.2. Thrust and pressure curves (57.1 μN thrust, 8.3 W input power, 103.92 kPa inlet 




Figure C.3. Thrust and pressure curves (65.2 μN thrust, 8.7 W input power, 104.135 kPa inlet 
pressure, 140 °C temperature). 
 
Figure C.4. Thrust and pressure curves (67.1 μN thrust, 9.0 W input power, 104.218 kPa inlet 




Figure C.5. Thrust and pressure curves (67.7 μN thrust, 9.2 W input power, 104.299 kPa inlet 







































Figure E.1: Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.2 




Figure E.2: Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.2 






Figure E.3: Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.2 
mg/s, Preheat temperature: 180.0 °C, Heater power: 8.6 W) 
 
 
Figure E.4: Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.2 





Figure E.5. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.2 
mg/s, Preheat temperature: 180.0 °C, Heater power: 10.0 W) 
 
 
Figure E.6. Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.2 











Figure F.1 Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.5 




Figure F.2: Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.5 





Figure F.3 Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.5 




Figure F.4 Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.5 





Figure F.5. Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.5 
mg/s, Preheat temperature: 180.0 °C, Heater power: 9.94 W) 
 
 
Figure F.6. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.5 




Figure F.7. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.5 





















Figure G.1 Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 
mg/s, Preheat temperature: 180.0 °C, Heater power: 7.02 W) 
 
 
Figure G.2 Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 




Figure G.3. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 
mg/s, Preheat temperature: 180.0 °C, Heater power: 8.58 W) 
 
 
Figure G.4. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 




Figure G.5. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 
mg/s, Preheat temperature: 180.0 °C, Heater power: 9.94 W) 
 
Figure G.6. Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 




Figure G.7.Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 
mg/s, Preheat temperature: 180.0 °C, Heater power: 11.54 W) 
 
 
Figure G.8: Thrust, temperature, pressure and valve status curves ( Propellant flow rate: 1.7 




Figure G.9 Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 
mg/s, Preheat temperature: 180.0 °C, Heater power: 12.12 W) 
 
 
Figure G.10 Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 




Figure G.11 Thrust, temperature, pressure and valve status curves (Propellant flow rate: 1.7 






















Figure H.1: Thrust, temperature, pressure and valve status curves (Thrust: 390.23 μN, Inlet 




Figure H.2 Thrust, temperature, pressure and valve status curves (Thrust: 436.41 μN, Inlet 
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pressure: 132.47 kPa, Temperature: 140.62 °C, Propellant flow rate: 1.2 mg/s, Preheat 
temperature: 140.0 °C). 
 
Figure H.3: Thrust, temperature, pressure and valve status curves (Thrust: 482.76 μN, Inlet 
pressure: 133.92 kPa, Temperature: 149.91 °C, Propellant flow rate: 1.2 mg/s, Preheat 
temperature: 150.0 °C). 
 
 
Figure H.4: Thrust, temperature, pressure and valve status curves (Thrust: 504.14 μN, Inlet 
pressure: 134.53 kPa, Temperature: 161.52 °C, Propellant flow rate: 1.2 mg/s, Preheat 




Figure H.5 Thrust, temperature, pressure and valve status curves (Thrust: 494.85 μN, Inlet 




Figure H.6: Thrust, temperature, pressure and valve status curves (Thrust: 489.96 μN, Inlet 
pressure: 134.87 kPa, Temperature: 184.38 °C, Propellant flow rate: 1.2 mg/s, Preheat 




 Figure H.7  Thrust, temperature, pressure and valve status curves (Thrust: 514.33 μN, Inlet 
pressure: 134.88 kPa, Temperature: 194.18 °C, Propellant flow rate: 1.2 mg/s, Preheat 



















Figure I.1: Thrust, temperature, pressure and valve status curves (Thrust: 386.81 μN, Inlet 
pressure: 135.70 kPa, Temperature: 116.10 °C, Propellant flow rate: 1.5 ml=s, Preheat 
temperature: 120.0 °C) 
 
 
Figure I.2: Thrust, temperature, pressure and valve status curves (Thrust: 424.52 μN, Inlet 
pressure: 137.87 kPa, Temperature: 126.38 °C, Propellant flow rate: 1.5 ml=s, Preheat 




Figure I.3: Thrust, temperature, pressure and valve status curves (Thrust: 494.91 μN, Inlet 
pressure: 138.56 kPa, Temperature: 135.46 °C, Propellant flow rate: 1.5 mg/s, Preheat 




Figure I.4: Thrust, temperature, pressure and valve status curves (Thrust: 553.36 μN, Inlet 
pressure: 139.34 kPa, Temperature: 146.05 °C, Propellant flow rate: 1.5 mg/s, Preheat 




Figure  I.5: Thrust, temperature, pressure and valve status curves (Thrust: 607.56 μN, Inlet 
pressure: 140.67 kPa, Temperature: 157.24 °C, Propellant flow rate: 1.5 mg/s, Preheat 
temperature: 160.0 °C) 
 
 
Figure I.6: Thrust, temperature, pressure and valve status curves (Thrust: 685.32 μN, Inlet 
pressure: 142.28 kPa, Temperature: 165.06 °C, Propellant flow rate: 1.5 mg/s, Preheat 




Figure I.7: Thrust, temperature, pressure and valve status curves (Thrust: 696.40 μN, Inlet 
pressure: 142.78 kPa, Temperature: 179.69 °C, Propellant flow rate: 1.5 mg/s, Preheat 
temperature: 180.0 °C) 
 
 
Figure I.8: Thrust, temperature, pressure and valve status curves (Thrust: 714.03 μN, Inlet 
pressure: 143.54 kPa, Temperature: 191.42 °C, Propellant flow rate: 1.5 mg/s, Preheat 







Figure J.1 Thrust, temperature, pressure and valve status curves (Thrust: 389.15 μN, Inlet 




Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 446.96 μN, Inlet 
pressure: 136.81 kPa, Temperature: 125.77 °C, Propellant flow rate: 1.7 mg/s, Preheat 




Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 506.42 μN, Inlet 
pressure: 134.40 kPa, Temperature: 136.89 °C, Propellant flow rate: 1.7 mg/s, Preheat 
temperature: 140.0 °C) 
 
 
Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 577.62 μN, Inlet 
pressure: 138.11 kPa, Temperature: 145.19 °C, Propellant flow rate: 1.7 mg/s, Preheat 




Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 634.24 μN, Inlet 
pressure: 139.54 kPa, Temperature: 159.55 °C, Propellant flow rate: 1.7 mg/s, Preheat 
temperature: 160.0 °C) 
 
 
Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 663.41 μN, Inlet 
pressure: 140.95 kPa, Temperature: 170.37 °C, Propellant flow rate: 1.7 mg/s, Preheat 




Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 707.80 μN, Inlet 
pressure: 143.01 kPa, Temperature: 180.79 °C, Propellant flow rate: 1.7 mgs/, Preheat 
temperature: 180.0 °C ) 
 
 
Figure J.1 Thrust, temperature, pressure and valve status curves (Thrust: 754.56 μN, Inlet 
pressure: 145.44 kPa, Temperature: 192.99 °C, Propellant flow rate: 1.7 mg/s, Preheat 




Figure J.1: Thrust, temperature, pressure and valve status curves (Thrust: 801.26 μN, Inlet 
pressure: 147.60 kPa, Temperature: 203.84 °C, Propellant flow rate: 1.7 ml=s, Preheat 



















Figure K.1: Thrust, temperature, pressure and valve status curves (Thrust: 415.59 μN, Inlet 
pressure: 138.32 kPa, Temperature: 115.86 °C, Propellant flow rate: 2.0 ml=s, Preheat 
temperature: 120.0 °C) 
 
 
Figure K.2 Thrust, temperature, pressure and valve status curves (Thrust: 477.39 μN, Inlet 
pressure: 136.74 kPa, Temperature:127.26 °C, Propellant flow rate: 2.0 ml=s, Preheat 




Figure K.3: Thrust, temperature, pressure and valve status curves (Thrust: 547.88 μN, Inlet 
pressure: 138.27 kPa, Temperature: 135.65 °C, Propellant flow rate: 2.0 ml=s, Preheat 
temperature: 140.0 °C) 
 
 
Figure K.4: Thrust, temperature, pressure and valve status curves (Thrust: 627.88 μN, Inlet 
pressure: 139.55 kPa, Temperature:145.49 °C, Propellant flow rate: 2.0 ml=s, Preheat 




Figure K.5 Thrust, temperature, pressure and valve status curves (Thrust: 700.27 μN, Inlet 
pressure: 140.23 kPa, Temperature:157.57 °C, Propellant flow rate: 2.0 mg/s, Preheat 
temperature: 160.0 °C) 
 
 
Figure K.6: Thrust, temperature, pressure and valve status curves (Thrust: 761.58 μN, Inlet 
pressure: 142.72 kPa, Temperature:166.18 °C, Propellant flow rate: 2.0 mg/s, Preheat 




Figure K.7 Thrust, temperature, pressure and valve status curves (Thrust: 825.01 μN, Inlet 
pressure: 146.50 kPa, Temperature:177.24 °C, Propellant flow rate: 2.0 mg/s, Preheat 
temperature: 180.0 °C) 
 
 
Figure K.8: Thrust, temperature, pressure and valve status curves (Thrust: 851.12 μN, Inlet 
pressure: 147.80 kPa, Temperature: 188.72 °C, Propellant flow rate: 2.0 mg/s, Preheat 




Figure K.9: Thrust, temperature, pressure and valve status curves (Thrust:875.31 μN, Inlet 
pressure: 149.44 kPa, Temperature:200.13 °C, Propellant flow rate: 2.0 mg/s, Preheat 




Figure K.10: Thrust, temperature, pressure and valve status curves (Thrust: 957.89 μN, Inlet 
pressure: 152.30 kPa, Temperature: 210.19 °C, Propellant flow rate: 2.0 mg/s, Preheat 
temperature: 210.0 °C) 
 
